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ABSTRACT
A STUDY OF THE FACTORS INFLUENCING ALGEBRAIC PROBLEM SOLVING
BY INDIVIDUALS WITH VISUAL IMPAIRMENTS
Sean Richards Tikkun, Ph.D.
Department of Leadership, Educational Psychology and Foundations
Northern Illinois University, 2018
Lindsay Harris, Co-Director
Stacy Kelly, Co-Director
This study investigated the cognitive factors that impact the completion of mathematics
problems, specifically algebraic-reasoning, by individuals who use tactile materials (i.e.,
braille) compared to those who use print materials. The inquiry investigated working memory,
task time, cognitive load, efficiency, and the predictive quality of cognitive and noncognitive
factors regarding task time. Research was conducted on college students enrolled at two
midwestern universities. Participants completed an algebraic-reasoning task with cognitive load
ratings, an operational span assessment, and a demographic survey that included a 12-item grit
scale. Participants using tactile materials also completed a Nemeth Braille Code for
Mathematics and Science Notation assessment prior to the other three tasks. Means testing was
used to compare the group using tactile materials to the control group using print materials.
Significant differences were found in task time, cognitive load, and efficiency, with braille
users requiring more time and cognitive resources and being less efficient than print users when
completing the algebra problems. A linear-regression model found cognitive load and grit to
significantly predict task time across groups. The findings suggest that among the sample of
participants included in this, study the core cognitive resources available for solving algebra

problems are similar for braille and print users, but the challenge and time to complete tasks are
significantly greater for braille users. Additional inquiry is recommended to discover the source
of the cognitive load and increased time for individuals who use tactile materials.
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CHAPTER 1
INTRODUCTION
1.1 Statement of Purpose
In the last 50 years, the field of visual impairments (VIs) has made significant progress in
understanding accommodations and the implications of vision loss for students with VIs.
Researchers and educators, often with VIs themselves, have created tactile codes for accessing
and understanding literature, mathematics, and music. This work has contributed greatly to
leveling the playing field for students with VIs to access the common core curriculum. What
has not been investigated thoroughly are the differences, if any, in impact of varying cognitive
resources between individuals with VIs and those without, such as the learning and
understanding of simple concepts like the written word or numerical computation. Investigating
the cognitive processes involved in algebraic problem solving without the benefit of vision may
inform the teaching and learning of students who are blind and may also yield insight into
learners who are identified with print-related disabilities. The purpose of this study was to
assess whether there was a difference in the perceived difficulty and cognitive load between
individuals with VIs engaged in algebraic problem solving with tactile media and individuals
working with print materials.
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1.2 Introduction to the Problem and Importance
Current practices in the field of VIs regarding accommodations and modifications of
educational materials for students with VIs are a combination of refined best practices and
emerging technology. Roughly one study each decade in the field of VIs regarding mathematics
has been published since the first inquiry in 1964; none has been replicated because of ongoing
changes in technology and practices over time. The critical need for advances in practice has
often forced researchers and developers of pedagogy to base inquiry on anecdotal experiences
rather than quantitative evidence. In addition to this critical need for immediate innovation is
the fact that research tools have gradually become developed to investigate the learning
differences of individuals with sensory impairments. As a result, the field of VI education has
established and refined practices regarding mathematical instruction that are not based on
empirical investigations but instead on emerging trends, even though these practices can be
aligned with firm theoretical foundations. One example is the practice of allowing students with
VIs twice as much time to complete standardized tests as students without VIs. Because the
difference in reading rates in braille and print varies wildly (Hatlen, 2003; Trent & Truan,
1997; Wormsley, 1996), it would be nearly impossible to identify a rigorous inquiry that has
led to this practice, and most findings suggest that braille test-taking would require greater than
200% time. Independent of this study, research is sorely needed to clearly establish appropriate
task time when testing students with VIs.
As educational practices trend toward more-differentiated instruction and customizable
learning environments, it is critical that pedagogical decisions are based on both solid theory
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and strong evidence. Research methods and theory are providing groundwork for this inquiry
so information about the most exceptional learners can be combined with classroom practices
for all learners in order to construct a landscape of best practices in the changing environment
of education. Historically, innovations for individuals with disabilities have led to new
inventions that have been applied and become part of the tapestry of our life (Fueling the
Creation of New Electronic Curbcuts, 1999). Synthesizing scholarship from the fields of
cognitive psychology, mathematics education, and education for individuals with VIs could
lead to new educational approaches that enhance the learning of students with VIs compared to
drawing on the scholarship of any of these fields in isolation.
Each of the above areas of academic investigation has created a wealth of knowledge
over the past few decades that can be applied to understanding mathematical learning by
students with VIs. For example, cognitive load theory (CLT), which emerged from the area of
cognitive psychology, has provided methods of evaluating and measuring the cognitive
challenge and inherent learning of tasks (F. G. Paas, 1992). These measurements could now be
employed to examine the challenge inherent in completing classroom tasks for individuals with
VIs. The established goal of CLT has always been to create more-efficient learning scenarios
for better retention with less conflict between ideas (Sweller, Van Merrienboer, & Paas, 1998).
Potential other insight could be gained from examining the load when professionals convert
visual information to accessible tactile or auditory formats, which may create redundancy or
distraction. This conversion is a daily challenge for teachers of students with VIs who are
supporting students in the classroom.
Mathematics education has also come of age after many decades of careful review and
research into student learning. The effort to directly improve practice has often placed
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mathematics education in the public view. This spotlight has been focused on achievement gaps
and curricular practices, but most among the public, and even many in the administration of our
schools, have an incomplete understanding of mathematics in general. Because the field of
mathematics education is a field of practice, the ebb and flow of concepts and theories are not
evaluated in controlled laboratories such as cognitive studies. However, the rigor of the inquiry
has both broadened and deepened our understanding of how students create understanding in
the classroom. Modern inquiry mirrors the concerns of CLT but from a qualitative approach
investigating how students construct and integrate mathematical understanding (Gilmore &
Papadatou-Pastou, 2009; Schneider & Stern, 2010).
Finally, the field of VIs primarily concerns itself with advocacy and the development of
instructional techniques to improve the education of individuals with VIs (Holbrooke &
Koenig, 2000). This study focuses on understanding the cognitive processes and concepts that
contribute to the success in mathematics of students with VIs. The focus lies in topics that
could be described as formal logical thought, to use one of Piaget's classifications. Current
research in math education and cognitive psychology is grounded heavily in auditory and visual
information processing. Educating students who have challenges in visual information
processing, or who instead engage tactually, has rarely been considered. Work in VIs has been
grounded in establishing best practices but is now including more empirical and replicable
research.
Research regarding psychological constructs such as motivation (Vollmeyer &
Rheinberg, 2000), grit (Duckworth, Peterson, Matthews, & Kelly, 2007), and operational span
(OSPAN; Engle, 2002) adds new ways to conceive of the natural resources students can bring
to bear and use to influence their success. The present time is a critical juncture in which these
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diverse and flourishing areas of academic inquiry can cross-pollinate to enhance our
understanding of learning.
1.3 Research Questions
1. Is the working memory of individuals with a VI using tactile materials similar to that
of individuals without a VI using print materials?
2. Is there a difference in task time for individuals with a VI to
complete problem solving that requires algebraic-reasoning in a tactile format
compared to individuals without a VI using print materials? If a difference is present,
what is the direction and magnitude of the difference?
3. Is it more cognitively challenging for individuals with a VI to
complete problem solving that requires algebraic-reasoning in a tactile format
when compared to individuals without a VI using print materials?
4. Do individuals with a VI solve problems that require algebraic-reasoning in a tactile
format as efficiently as individuals without a VI using print materials?
5. Is there predictive quality between cognitive (working memory and
cognitive load) and noncognitive measurements (interest and
grit) related to task time?
1.4 Operational Definitions
Algebraic-reasoning problem: The term algebraic-reasoning includes a broad class of
problem solving that can include problems represented in only mathematic symbols as well as
word problems involving real-world situations. For the purpose of this study, these problems
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refer to two formats. The first format involves solving for a variable in an equation (e.g., 17 =
2x - 5). The second format is an isomorphic representation of the first format which is written
in a grammatical sentence (e.g., What number multiplied by 2 and decreased by 5 equals 17?).
Braille: Braille is the tactile-media writing system invented by Louis Braille. It involves
a two-by-three cell (i.e., character) comprised of six dots. Dots can be raised or absent to
produce 64 symbols that can be combined to replicate the printed English language. Alternate
codes exist for mathematics, music, and computer programming. In this study, the Nemeth
Braille Code for Mathematics and Science Notation (Nemeth Code) is used for mathematics
materials.
Braillewriter: A braillewriter is the primary recording tool of students who are tactile
learners studying mathematics. It is a heavy metal, typewriter-style device with nine keys that
correspond to a space bar, a backspace key, a carriage return, and the six dots that form a single
braille cell. The device creates braille characters on a heavy card stock-style paper that is either
11” x 11.5” or 8.5” x 11” in size.
Cognitive load: Cognitive load refers to the three-part construct, comprising intrinsic
load, germane load, and extraneous load, which describes the amount of mental work or
challenge a task requires. Intrinsic describes the core load necessary to complete a task,
germane describes the load that is committed to learning, and extraneous describes load that is
not critical to a learning task but that relates to interpretation or decoding of materials and
presentation. For the purpose of this study, cognitive load was reported by participants using a
Likert-like scale, and inferences were made based on task completion time. Both items
measured approximations of the total cognitive load.
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Grit: Grit is a measurement of perseverance and passion that is used as a predictive
factor of success. The grit measure is assessed using a 12-item self-reporting questionnaire that
yields a score between 1 and 5.
Interest: Interest is a domain of motivation. It describes an individual’s preference for
and engagement in activities. Measurement of interest is frequently a self-reported score on a
Likert-like scale. It is reported in this study as interest, engagement and interest, preference as it
relates to the parts of the domain.
Operational span: Operational span is a measure of working-memory capacity that
scores a person’s recall of letter strings in the correct order while being presented with
distractors during the task. The measure has been validated with other working-memory tools
and is internally reliable. The measure is a score between 0 and 75.
Print materials: Print materials refers to the common form of educational materials
involving the application of a contrasting ink onto paper. This includes worksheets, textbooks,
and also the projection of the written word in a visual format on whiteboards or screens. These
materials are intended to be consumed visually.
Serial-recall task: A serial recall task involves the presentation of a series of three to
nine numbers or letters that a person is then asked to recall in the same order. Serial-recall tasks
measure working memory, and sometimes involve a distractor task that activates a different
type of memory or makes the original task more challenging. The task for this study used
multiple series of three to seven letters with a arithmetic distractor task.
Sighted print reader: For the purpose of this study, a sighted print reader is a student
who makes use of print educational materials as his or her primary learning media and does not
have a VI.
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Tactile learner: A tactile learner is a student who has been formally assessed regarding
his or her preferred learning media by a teacher of students with VIs or an accredited evaluator
and who chooses to use tactile materials as his or her primary learning media.
Tactile materials: Tactile materials refers to any educational materials that seek to
communicate meaning (e.g., letters, words, labels, diagrams, charts, images) through a
physical, tactile medium intended to be read and interpreted through the sense of touch. For the
purpose of this study, tactile materials are limited to materials prepared in braille for a student.
Working memory: Working memory is a cognitive resource used in the temporary
storage and manipulation of information. The resource is critical for tasks of recall,
comprehension, and learning. Additionally, this resource is limited in capacity and its capacity
varies among individuals.
1.5 Overview of Methodology
Participants were recruited for this study primarily at a rural midwestern state university
as well as at one other rural midwestern university. Some participants were students who were
visually impaired (Appendix A). A control group of sighted participants was recruited from the
university courses in college algebra, a 200-level education course, and through personal
referrals. Students who were visually impaired and had completed, or were currently enrolled
in, college algebra were contacted through the campus disabilities resource center and word of
mouth; they formed the experimental group. All participants were given a written overview of
this study and asked to give consent (Appendix B). No record of their identification was
obtained as part of this study.
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The participants completing the assessments in braille were initially asked to complete a
Nemeth Code inventory that was abridged from a tool developed by Kapperman and Sticken
(2003), to ensure sufficient familiarity to complete all sections of this study. All participants
were then asked to complete an algebraic-reasoning task including a four-part cognitive
questionaire after each question (Schmeck, Opfermann, van Gog, Paas, & Leutner, 2015). The
next element of this study was an OSPAN assessment. Participants who used print materials
completed the automated OSPAN (AOSPAN) assessment, administered via computer, to
measure their working memory (Unsworth, Heitz, Schrock, & Engle, 2005). This assessment
gave participants a string of three to seven letters, one at a time, for recall, and each letter was
immediately followed by an arithmetic distractor. After the string was presented, each
participant was asked to recall the string of letters in the order presented. The assessment scores
letter-sets recalled correctly in order by using the number of characters in each set. The
summed score is the OSPAN measurement. Participants who were proficient with braille
completed the same assessment created in a hard-copy braille version and administered by
mimicking the protocol of the automated program. Finally, all participants were given a
demographic survey (Appendix C) that also included questions pertaining to grit (Duckworth et
al., 2007) and a self-rating about their problem-solving and mathematical ability.
The first research question compared the working-memory measurement provided by
the OSPAN task between the experimental and control groups. Working-memory testing relies
heavily on the use of visual information. Imaging studies are discovering differences in brain
development (Lepore et al., 2010) and the use of the visual cortex in braille reading (Sadato et
al., 1998). New understandings in neurology are being explored in tandem with models of
working memory as it expands to include more diverse modalities beyond the auditory loop and
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visuo-spatial sketchpad (A. D. Baddeley, Allen, & Hitch, 2011; Cohen, Scherzer, Viau, Voss,
& Lepore, 2011). If outcomes of this study are consistent with recent findings (Bliss, Kujala, &
Hämäläinen, 2004; Cohen, Voss, Lepore, & Scherzer, 2010), there will not be statistically
significant differences in working-memory capacity between tactile learners and sighted print
reader.
Comparisons between the experimental and control groups were explored using task
time to address the second research question. When present, the differences were explored
when present to establish the directionality and magnitude of the difference. If a difference was
found regarding task time, it was further investigated to learn whether it was more than twice
the time of the control group. An allotment of 200% time for individuals with VIs is standard in
high-stakes assessments, although more open-ended trends (such as no time limits and
educator-predefined limits, for example) are emerging in Smarter Balance and PARCC
assessments. This research question challenges the statistical validity of this traditional
accommodation. Anecdotally, teachers of students with VIs report times more than 200%, or
the use of no time limit, to complete school assessments. It was expected that task time would
reliably exceed 200% during this study due to the slower reading speed in braille and the
cumbersome nature of computing math in braille. Shorter task times for the experimental group
are expected when more work is done mentally, as may be demonstrated by work artifacts from
this study’s assessment.
The cognitive load self-assessment of the problem-solving task was used to address the
third research question. At this time, there has been no comparative research on cognitive load
assessments of individuals with sight and those with VIs or blindness. The data from this
stusy’s assessment were reviewed as a sum of all ratings relating to the task. It was expected
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that the research findings regarding working memory could lead to some similar expectations
about cognitive load. Findings from this question hold significant weight when considering the
challenge of algebraic problem solving in braille but also may be of descriptive value when
reviewed alongside task time, working memory, and task difficulty. Because part-whole
relationships are more challenging to perceive in both braille and print for individuals with VIs
(Kapperman, Heinze, & Sticken, 1997), it was expected that these individuals would report
more cognitive effort. In the case where cognitive load is not increased, the task time and
difficulty were expected to inform the potential alternative explanations such as the extra load
related to= using braille materials.
The fourth research question addressed efficiency measured as a ratio of correctly
answered questions divided by task time. This measure was computed for the full algebraic
task. Efficiency ratings have been used by previous researchers in VIs to create a quantitative
measure that takes both time and accuracy into consideration (Champion, 1976; Kapperman,
1974). This measure was used to compare the tactile and print groups. Review of the data and
replication of the findings in preparation for this study have suggested that efficiency scores
may not have statistical strength independent of the score and time used.
The fifth research question made use of cognitive and noncognitive measurements to
investigate predictive qualities related to task time. Research Questions 1 through 4 sought to
address the significance based purely on the learning medium. This fifth question sought to
identify the potential correlations of measures with task time. It also sought to examine the
independence of the measures used in this study. Prior work in cognitive load by Schmeck et al.
(2015) paired two questions related to cognitive load with two questions from a motivation tool
in the domain of interest. Correlations were expected to maintain the independence of these
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measures and also allow the possibility of correlating to task time. This pairing was repeated
for grit and working memory because both measures have been correlated with general
intelligence. Additionally, grit addresses the perseverance that may be necessary when dealing
with the expected longer task times of working with materials in a tactile format. The data were
reviewed to learn whether specific factors are more significant in predicting task time. Findings
from this question contribute to the larger discussion of key factors and avenues for further
research through either replication or new investigations.
1.6 Limitations
This study replicates previous work investigating working memory and cognitive load
with the addition of mathematical performance and a group that uses braille as their primary
learning media. The experimental group had a very small sample size, and all results are
limited to describing this sample. The primary function of this study was to explore methods of
investigation while expanding the set of tools used to investigate populations with VIs.
Replication with a larger experimental sample is necessary before generalization will be
possible with regard to any of the research measures. The sample was a convenience sample of
enrolled college students and cannot be generalized to the broader population. Several of the
tools used in this study were new tools or had never been translated into braille. The workingmemory tool used for individuals reading braille was a new tool without empirically
established reliability.
There are very few studies that could be used as models for the design or methods of
this study. Its materials and techniques were drawn from studies in working memory, cognitive
load assessment using an algebraic-reasoning tool, and survey elements for noncognitive
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measures, but all of them required adaptation for accessibility to the participants with VIs in
this study. Additionally, comparison of a relatively small sample to a significantly larger
control group in the area of VIs is not a documented practice. The intent of this study is to
pioneer methods based on published work with the understanding that future application will
require refinement.

CHAPTER 2
FRAMING THE STUDY
At the root of the challenge in learning and computing mathematics is the tool set that we
use to aid in understanding. For sighted students, this tool set has been developed and refined
over three millennia or more (Heath, 1909; Parshall, 1988). The popular tools have changed
depending on the needs and innovations of the time, such as the transition from abacus to
algebra by the ironically named Abacus Schools during the first millennia AD (Hodgkin,
2005). The tools used to complete a task can facilitate computational accuracy and also
conceptual understanding (Vygotsky, 1978). The accessibility and effectiveness of these tools
for individuals with sensory impairments remain questions that have been barely investigated.
The most fundamental tool in learning that we possess is our ability to abstract and manipulate
real and imagined concepts. The capacity of the cognitive resources we can leverage for tasks
impacts the amount and pace that we can learn. Additionally, there are other factors related to
our preferences and perceptions that can influence the quality and pace of our learning. To
address these factors, this review considers constructs of working memory. The constructs of
working memory are reviewed with attention specific to their impact on individuals with VIs so
that the context can enrich a review of the research in mathematics and VIs. Next, the concept
of cognitive load and its impact on tasks and learning is introduced as a means of measuring
relative challenge and gauging cognitive investment. Finally, a discussion of the factors of
motivation and grit are explored for their relevance to achievement and engagement that could
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impact performance when using specific academic materials.
2.1 Working-Memory Constructs
The resources of the human mind constrain our ability to perceive information around
us and grapple with concepts simple and complex. Over time, models have described these
resources, been tested, and refined through the understanding of theoretical shortcomings.
Likewise, many tools to explore the limitations and capacities of these resources have been
developed and refined. Most of these tools use the reception and retention of auditory or visual
information as the basis of investigation. The media formats used for these experiments have
even come to lend their names to the constructs describing parts of working-memory models
such as the phonological loop and the visuo-spatial sketchpad. To expand the understanding of
memory to tactile media, some review of the theory and tools is necessary. It is important to
note that the model of the system of short-term memory and recall is described as working
memory, but working memory is also sometimes used in the literature as a quantitative measure
of cognitive resources.
Working memory, as a model of cognition, has gradually evolved with the changing
methods of describing how we perceive, think about, and make use of information. The work of
A.D. Baddeley and Hitch (1974) has become a common touchstone for revised and new
theories alike. Their theory divides cognitive functions into several compartments that attempt
to clarify the dynamic role of short-term memory compared to the more static role of long-term
memory. Originally conceptualized with three components--the central executive, phonological
loop, and visuo-spatial sketchpad--a more recent update added a fourth component of episodic
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buffer to address a more dynamic integration of sensory information with long-term memory
(A. Baddeley, 2000).
The central executive organizes, co-ordinates, and manages resources. The phonological
loop and visuo-spatial sketchpad are sometimes referred to as slave systems. This terminology
reflects the fact that these systems accomplish specific jobs and do so under the direct control
of the central executive. This delegation makes it incredibly difficult to research the specific
boundaries of the central executive, because any observed measures might be an inherent
component of the slave system that is directing an activity (Hegarty, Shah, & Miyake, 2000).
The direction of these cognitive resources and their investigation are described in terms of
capacity.
Capacity

Recall and reasoning processes both access the same core resource tied to the central
executive. A key feature of the central executive is the fact that its resources are limited, and
this limited resource is identified simply as capacity (A. Baddeley, 2000). This capacity has
been described as bits of information but more recently has been labeled as chunks to represent
the potential complexity of the information each unit may hold or manipulate (Cowan, 2001;
Cowan, 2010; Miller, 1956). Regardless of the name or its description the same principle of a
directed core resource of cognition is the foundation of most investigations of working memory
(Just & Carpenter, 1992). This capacity represents not only storage but also the ability to direct
attention to or away from certain environmental stimuli. A core challenge of measuring
working memory capacity lies in unraveling the resources inherent in the slave systems and
those directed by the central executive. Recent methods are placing capacity between three to
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five chunks of information (Cowan et al., 2005). An example of a chunk could be the
organization of pieces on a chess board. Each individual piece makes up a greater pattern or
composition, that an expert player may readily recognize. These chunks have been further
explored by Gobet and Clakson (2004), who found chess experts were able to mentally record a
single chunk that included up to 16 pieces. Although investigation has not yet explored it,
equations and formulas may exist as complex chunks similar to chess boards for scientists and
mathematicians working in specific domains.
Serial-recall tasks, repeating a string of characters or words in order after presented, have
traditionally provided a number for the amount of information that can be recalled in sequence
by an individual. This number represents an expected repeatable performance of recalling items
and is a measurement of the core resources of working memory. This recall resource provides a
number on a small scale and frequently involves a small number of trials. Investigations based
on using increased variability in string length and increased repetition result in larger numbers
and a broader scale of measurement. Results from using instruments of this nature describe the
resources of working memory and the measurement of its limits on a scale that is called span.
These instruments have established consistency and validity (Unsworth et al., 2005) while also
correlating with intelligence tests (Cowan et al., 2005). Span is not a measure of intelligence,
but IQ tests do focus heavily on span-related tasks. It is possible for individuals with a low span
to complete complex work, but it must be expected that this work will take longer. The longer
response time can confound the methods of cognitive assessment, where response time is
correlated to reflect many other constructs. In existing models of span, the processing and use
of auditory and visual information is well investigated, but it is unclear how tactile information
is interpreted or stored.
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Phonological Loop

The phonological loop is the heavily researched auditory component of the workingmemory system. Work by Miller (1956) detailed several auditory-based observations of
working memory. The Hitch and Baddeley model (1976) identifies elements that have
developed in line with the consumption (phonological store) and production (articulatory
rehearsal) of information. The phonological store handles the short-term retention of auditory
information, and it fills the consumption role. The phonological store is transitory in nature,
and the stored information degrades over time. Additionally, the introduction of new auditory
information impacts the persistence of the storage. A simple example is the remembering of a
string of characters or words. Both longer lists or longer delay before recall impact the accuracy
of what is recalled. The articulatory rehearsal component is tied to production, but since it can
be activated without utterance, or through subvocal rehearsal, it doesn’t exist solely as a part of
verbal production. When these two elements are used in concert to aid recall, they can form a
loop between the utterance and reception that refreshes the auditory information. The lab
experiments devised to better understand this component of auditory memory have explored the
function and effects of this loop. Some of these effects are unlikely to impact the use of braille,
and others may need to be investigated in the future, but they are not the focus of this project.
The phonological similarity effect simply states that letters and words that sound similar
are more challenging to remember. A common example involves letters that end with the ee
sound like B or T in sequence, which makes them difficult to differentiate. Research has been
conducted that shows a lack of similarity effect for visual and semantic content (A. D.
Baddeley, 1966). More recent research has shown some effect when comparing phonologically
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similar but visually different examples. Such as words that have a similar ending sound but
different spellings like guy and sigh (Logie, Del Sala, Wynn, & Baddeley, 2000). This has been
researched in Japanese Kanji, where a single symbol may have multiple pronunciations or
meanings. Researchers have found evidence for both a visual and phonological code, as well as
similarity effects, when retaining serial order (Saito, Logie, Morita, & Law, 2008). More
importantly, the combination of symbols and complexity of characters provide increased
potential for impact from visual similarity than in written English. This diversity in characters
and pronunciation has some relevance to braille, in which words and letters appear often as
patterns, and the characters can represent entire words as a shorthand code (Tobin, Greaney, &
Hill, 2003). It is unknown at this time whether similarity effects exist in braille, but the
shorthand nature of braille could impact another effect.
The word-length effect draws its impact from the length of time it takes to rehearse a
word and the persistence of the information in the phonological loop. This effect simply states
that lists of longer words are harder to recall than lists of shorter words (Caplan, Rochon, &
Waters, 1992). The longer list requires more time for the information to degrade and, as a
result, makes the recall more challenging or incomplete. This string of information, in this case
lists of words, is commonly referred to as the memory trace. There is no reason to believe this
effect will not persist with tactile materials, but as a code, braille does offer some novelty for
investigation. The choice of words with and without shorthand could shed some light on the
habits of individuals using tactile materials. Words represented by a single character in braille
can vary wildly in length when in print, such as a braille X representing the word it compared to
a braille K representing the word knowledge. Using the shorthand to make a task easier would
require the transfer of the information between codes on two levels: in the tactile form of word-
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to-letter and then to auditory information through subvocalization. The traditional impact of
code transfer is from visually presented materials to auditory information through
subvocalization. The normal way of constraining this process is through giving an individual
some repetitive word or sequence to repeat while maintaining information for recall. This sort
of task is referred to as a suppression task: in this case, articulatory suppression that prevents
the transfer of information into auditory information.
Visuo-Spatial Sketchpad

The visuo-spatial sketchpad slave system manages information that is visual and spatial,
as its name implies. Spatial in this use refers to both the relationship of objects in proximity to
other objects and to the composition, or shape and form, of the object. The system also has
some connection to movement through space and kinesthetic perception. These three
subcomponents of visual, spatial, and kinesthetic are identifiable but far more complex to
unravel than the phonological loop (A. Baddeley, 1996). Identifying part-whole relationships is
a common challenge for individuals with VIs and blindness (Kapperman et al., 1997). When
discussing a detail of an object, scene, or person, it can become unclear how a specific
component of the greater whole fits together or is related. These details are normally the
domain of technical descriptions or manuals and require highly skilled authors to establish
clarity through language and relationships. The information received by the visuo-spatial
sketchpad through observation is both descriptive and forms a basis for mutual understanding
of similarities. Specific components, or parts, of objects can sometimes be perceived
incorrectly by attributing a characteristic of the part to the whole. An exaggerated example
would be touching the shell of a turtle and assuming its entire body is equally hard. The system
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is powerful in its ability to target and recognize specific detail but also miraculously store and
conceptualize the complex in a holistic way while maintaining information about independent
movement and relationships. The immediate perception of what is being seen seems complex
enough, but the sketchpad also allows cognitive mapping for remembering what is no longer
being viewed (Allen, Baddeley, & Hitch, 2006). A simple example of this remembering can be
observed by identifying the color of objects that are distinguishable, by shape for example, but
no longer occupy the part of the visual field that perceives color.
The separation of part-whole relationships and the focusing of the visual system have
both been explored by using experiments involving auditory instructions and coding in a 4x4
matrix. Participants were instruced to place numbers in the matrix through auditory instructions
that described the relative position of the next square in the matrix (A. Baddeley, 1996). An
individual would be asked to place the number 1 in the top left square and then place the
number 2 in the square below it, followed by the number 3 in the square to the right. This
experiment demonstrates the challenge in testing the sketchpad while excluding the
phonological loop. The research design requires some code transfer to translate the instructions
into spatial information that is then recorded for visual recall, creating a potential attempt at a
visual feedback loop. Another experiment involved blindfolded participants pointing at
moving auditory stimuli (A. Baddeley, 1996). The stimulus would require auditory skills but
not linguistic elements of the phonological loop, while also tapping into the spatial portion of
the visuo-spatial sketchpad without the visual component. The experiment could generate
additional revelations if completed with participants who have no vision. More recent
explorations of the visuo-spatial sketchpad have researched the recognition of characteristics in
the form of shapes and colors, which theoretically avoids the involvement of the spatial
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elements of the slave system (Allen et al., 2006). Research about the visuo-spatial sketchpad is
growing thanks to neuropsychological methods and opportunities using animals and absence of
verbal coding, but there are still difficulties in unraveling the layers and discriminating what
may be tied to the central executive (A. Baddeley, 1996; A. D. Baddeley, Allen, & Hitch,
2011).
Impact of Existing Slave Systems and Theory to Braille

The challenges of researching the limits and capacity of the visuo-spatial sketchpad
demonstrate the depth and complexity of the information it collects. This complexity is a
central challenge when attempting to supplant or supplement this source of information for
individuals with VIs and blindness. The two primary avenues of substitution lie in auditory and
tactile information. It is a common misconception that visual information can be presented with
equivalence to auditory information. Any such translation is cumbersome at best and
inconvenient once an individual has appropriate familiarity with what is being described. The
limit of the memory trace also impacts the ability to share large chunks of information at one
time without breaking things into components of the whole. While print information can be
communicated tactually using braille, the complexity of diagrams and pictures succumbs to
limits similar to the auditory methods. Individuals with VIs in the modern workforce must
make consistent choices about how to consume information in order to overcome the lack or
inaccessibility of visual information. The education and training of these individuals has not
explored the equivalence of sensory information to the same degree that has been researched in
building contemporary working-memory models.
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A current proposed model by A. D. Baddeley et al. (2011) includes tactile as a subset of
haptic information under the visuo-spatial sketchpad. This placement emphasizes the role of
haptic information on movement but could be confounded by its implication in literacy skills.
Cohen et al. (2011) expanded the sensory slave systems in their theory to include a tactuospatial sketchpad, as well as leaving the possibility open that there are additional slaves systems
shaped by experience and perception.
Episodic Buffer

Through experiments that have explored the limits of the two slave systems, certain
difficult-to-explain phenomena have been observed. These primarily involve the integration of
information where previous theories argued for strict compartmentalization in short-term
sensory memory (A. Baddeley, 2000). This dilemma has given rise to the theory of the episodic
buffer. This buffer exists as a component of the central executive, but some debate remains as
to whether it can be described as a slave system. The role of the episodic buffer is theorized to
serve as an integration tool that can access episodic long-term memories as well as combine
immediate short-term memory information (A. Baddeley, 2000). It is unclear whether the
episodic buffer is a fractionation of the central executive or is more similar to a slave system,
but it is apparent that it must be given cognitive resources for associating information (A. D.
Baddeley et al., 2011). The most recent proposed model of the working-memory system places
the buffer as the gateway to central executive processing that serves as the place information is
integrated from the senses and long-term memory, including smell and taste (Allen et al., 2006;
A. D. Baddeley et al., 2011).
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Working-Memory Assessment in Populations With Vis

The serial-recall and n-back tasks are methods of assessing the working memory of
individuals that have been used for both individuals with VIs and those without VIs (Bliss et
al., 2004; Cohen et al., 2010; Cowan et al., 2005). The working memory of individuals is
theorized to be stable throughout adult life (Klein & Fiss, 1999; Unsworth et al., 2005). Two
research groups have begun investigating working memory by comparing the use of tactile
materials and print materials. These early studies have involved relatively small comparison
groups (i.e., 21, 7, 9) and compared individuals with a VI, individuals who are blind, and
individuals without a VI. These studies form the foundation of methods for further research
into working-memory and cognitive-resource differences.
The first working-memory assessment in recent years was conducted by using an nback test with three groups of participants. Bliss et al. (2004) compared a group of individuals
they labeled as “early-blinded” and “late-blinded” with a control group of “sighted
individuals.” The researchers defined the early and late groups based on whether the
individuals could read the alphabet prior to losing their sight but did not differentiate the
experimental groups when reporting the results. The n-back test requires individuals to
compare a presented letter to a target letter with a number (0-back, 1-back, 2-back, 3-back)
corresponding to the number of preceding characters to match. The individuals who were blind
used raised letters and braille tactually, and the sighted individuals completed the task using
raised letters tactually and print letters visually. The braille was presented on a computercontrolled braille matrix under the finger of the participants. Significant differences were found
when comparing the experimental grou using raised letters and the control using print.
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Differences were also significant when comparing the the experimental using raised letters and
the control using raised letters. No differences were found for the braille and print comparison.
The differences are not surprising because neither group was well acquainted with raised
letters, but the experimental group had more familiarity with using tactile tools. The more
surprising finding was that no difference was present comparing braille and print. The
researchers attribute their findings to a plasticity phenomenon, reasoning that sensory
deprivation causes neural reorganization (Bliss et al., 2004).
Cohen et al.’s (2010) is the most recent investigation into tactile working memory, with
two studies. The design of the is investigation was to first identify a distinct subsystem for
working memory and then explore the development of this subsystem by comparing individuals
with and without residual vision. The first study, like most in the domain of VIs, had a limited
sample and the added limitation, enforced by regional rules in Quebec, of recruiting new
subjects with VIs for the second study. The researchers reported age, gender, educational level,
and etiology of the VI. They additionally used a definition of VI as having acuity in each eye of
less than 6/21 (roughly 20/70), a definition from the Quebec Health Insurance Board. The two
groups with VIs were labeled “completely blind subjects” (CBS) and “blind with residual
vision” (BRV). The above definition and the identified etiology for the BRV group leaves a
great deal of uncertainty about the qualification of blindness, which would normally be an
acuity of less than 20/200 and/or field deficits. No information was shared about braille
proficiency among the BRV group, which could have a significant impact on the tactile
elements of the assessment, but data for the group suggest braille proficiency was present.
The tasks in the first experiment were a serial-recall task both with and without
articulatory suppression. Stimuli were presented using a tool called a braille board, that was not
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a common tool for individuals with VI, and additional information about it was not available
when requested. Consonant characters were presented at a rate of one per second with common
acronyms removed. The process was managed using computer software for visual trials, with
BRV participants completing both types of recall tasks. No difference in working memory was
found between the CBS group and the two groups being tested with visual stimuli. The second
experiment compared compared only the tactile stimuli groups by using a recognition task as
the core activity. Participants were given a sequence of letters to memorize, and each stage
involved the inclusion of a new letter in the sequence. This primary task was completed alone
and with two suppression tasks to differentiate subsystems: mental arithmetic (verbal) and
mental displacement of blocks (spatial). Both suppressions tasks significantly impacted
performance, and the mental displacement-of-blocks task had a significantly greater impact
when compared to the arithmetic task. Researchers suggested the findings support advocacy for
a tactile subsystem of working memory and furthermore identified this system as spatial in
nature (Cohen et al., 2011). The spatial attribution of a tactile subsystems bears a good amount
of face validity but requires more investigation. The efficacy of the mental arithmetic task was
reported, but no results were provided for the block task. Had the group without a VI also
completed the block task for comparison, perhaps greater weight could support the validity of
using the block task as a comparison. As it stands, it is unclear how the block task impacted the
primary task, since the primary task had a ceiling effect, and the block task potentially reflected
a floor effect. It is also important to note that well known acronyms were removed; however,
no mention is made of braille contractions. Braille contractions are shorthand words in braille
that involve multiple consonants commonly involving two to three characters. The report does
not reveal the letters used, so it is impossible to identify any possible impact. Similar to the

27
previous study’s connection to neural reorganization, Cohen et al. (2011) found that experience
plays a critical role in the development of tactile working memory. The field of VIs has been
anecdotally investigating the Cohen et al. experiential model for at least 30 years and the
process has been formalized as an approach to assessment called the learning-mediaassessment (LMA; Koenig & Holbrook, 1989; Koenig & Holbrook, 1995).
2.2 Memory and Cognitive Functioning With VI
Memory has critical implications for the academic functioning of blind students. The
strength of the visual system in coding large chunks of information as a complex image is a
significant asset for learning (A. Baddeley, 2000). The need for acute control to focus this
system is not a drawback per se but is certainly an added burden on the limited capacity of the
central executive. This brings forward two direct questions about blind learners. The first
question is whether the coding of information not presented in a visual format requires more or
less capacity. This directly impacts learning that involves physical objects and representation.
The question of interpreting the written word is a separate issue that applies to other areas of
cognitive processing. The second question involves any benefits to capacity and memory, in
absence of the distractions, that the visual systems can extract from the environment. In
principle, if the mind is in any way hardwired for dealing with visual information, that is
concept-dense and complex, the freeing of these resources might yield a benefit of optimizing
the use of our capacity. Some foundational research appears to contradict this concept, as one
study found that the working memory of individuals who are blind using tactile letters was
similar across age-matched groups to sighted individuals using print in a letter-recognition task
(Bliss et al., 2004).
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In the absence of sight, we are left with two sensory systems, audition and touch, through
which to grasp academic concepts. The use of taste, smell, and kinesthetic senses are not well
suited, or used in our school environments, for academic learning. We must therefore translate
concepts present in vision into an auditory description or for tactual exploration when possible.
Translation of the written word is not necessarily more cumbersome, but images and diagrams
are far less direct. If a picture is worth a thousand words, one must appreciate that auditory and
tactual means make part-whole relationships an explicit challenge. The cumbersome nature
impacts available capacity, and so any task to be done by using these remaining senses will
take additional time. This additional required time required serves as a cognitive bottleneck in
addition to any capacity limitations inherent in the task. One solution to this bottleneck is the
use of digital audible descriptions and materials that can be accelerated beyond the ability of
human speech and endurance. Screen readers and specialized text-to-speech programs can
produce words much faster than even highly trained professionals. With training and practice,
individuals who use this technology become proficient at recognizing this accelerated speech
(Arons, 1994; Foulke & Sticht, 1969). There can be issues in redundancy and design resulting
from altering learning media from a multimedia source, but this will be discussed more directly
with regard to methods and VI. The cognitive bottleneck can also be thought of as a traffic
jam, or a super-fast computer using a dial-up internet connection. Regardless of the capacity
available to an individual, this limit serves as a ceiling effect for the rate that information can
be acquired. The rate does not so much reflect a memory-centered difficulty as a sensory issue.
The freeing of some of the capacity means there are more resources available than would be
present for sighted peers. This extra resource could be focused on deeper coding of
information, if an individual was properly trained.
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The visual system consumes huge amounts of the available resources of our brain. We
expend our capacity to attend to a specific stimulus, but we must also use these resources to
block out other stimuli. With these resources of visual coding freed up, it is possible that an
individual who is blind might have extra capacity compared to his or her sighted peers. This
possibility provides an interesting explanation of a discovery by a student of Piaget in 1966.
Hatwell (1985) applied the development of stages of thought to children with VIs to test
expectations on changes in development. In the clear majority of her experiments, she found a
significant and consistent 2-year delay in the presence of many logic skills in children with Vis
compared to children without VIs. In verbal seriation, Hatwell expected to find children who
were blind would perform at or slightly below peers, similar to previous findings. Verbal
seriation requires items to be ordered but without the concrete objects, such as a series of
blocks of different height. In verbal seriation, the properties of the objects or ordering must be
maintained in working memory without the benefit of visual reference. In contrast to
expectations, the students with VIs performed better than their age peers with statistical
significance. This performance was better than the same students performed on the precursor
task of concrete seriation. This result shattered the Piagetian idea of concrete task mastery
being necessary prior to tasks requiring mental abstraction. The students executed the verbal
seriation without having demonstrated proficiency on the concrete activity to the same degree.
At the time, this prompted reconsideration of the stages with regard to individuals with VIs.
More recent work confirmed this finding with regard to immediate and working verbal
memory, showing significantly better performance on tests of haptic nonverbal abstract
learning and rote verbal learning (Hill-Briggs, Dial, Morere, & Joyce, 2007). This finding was
specific to individuals with congenital blindness compared to all other groups. The study also
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documented several engaging differences with regard to congenital, early-, and late-onset
blindness. When testing with the Wechsler Verbal Scales (WAIS VIQ,) adults who were
sighted or totally blind performed significantly better than adults who were legally blind, that
included individuals with some usable vision. In comparison between three common causes of
VIs- retinopathy of prematurity (ROP), retinitis pigmentosa (RP), and congenital cataracts
(CC)- the authors conjectured that ROP individuals would have the lowest performance in
cognitive and perceptual motor tasks. In reality, the predicted direction was significantly
different on measures of spatial analysis and auditory analysis as well as hand strength.
“Furthermore individuals who were totally blind outperformed those who retained functional
vision.” (Hill-Briggs et al., 2007, pg. 395).
One way to investigate the availability of additional capacity would be to conduct
working-memory testing using existing tools. As with any assessment of populations with
sensory impairments, the tools would need to be redesigned to address the unique modalities
used by these populations. In addition, certain skills like auditory discrimination, that may be
formally taught to students with VIs, could influence the validity of tools like dichotic listening
tasks. The unique features of the population and goal of the research should dictate the
assessment. Because the focus of this study is mathematical in nature, the use of a reading span
(Rspan) test is poorly matched although an important area for future research. The Raven
progressive matrices make use of geometric shapes and pattern completion. As a test, the
Raven matrices could be easily converted to a tactile format, but geometric reasoning is a lessoften practiced and complex task for tactile learners who have challenges in perception of partwhole relationships (Kapperman et al., 1997). Two previous studies have investigated workingmemory capacity using tactile materials. The research tasks used have included an n-back test
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(Bliss et al., 2004), serial recall without suppression, serial recall with articulatory suppression,
serial recall with arithmetic suppression, and mental displacement of blocks (Cohen et al.,
2010). Given the focus on algebraic-reasoning tasks and prior research, the use of OSPAN most
closely fits the interest in both a working-memory capacity measure and inclusion of a
multistep algebraic task.
The root assumption for research should be that there are no differences between
individuals with and without VIs with regard to cognitive and noncognitive resources. If
differences in cognitive and noncognitive resources are found, the next step would be to isolate
causes or constructs that contribute to the difference over successive trials. The research
compiled by Hill-Briggs et al. (2007) represented distinct studies over time but lays
groundwork for a systematic approach to testing. If Hatwell’s (1985) finding of an advantage
for auditory processing over visual processing, as demonstrated by the verbal seriation, were to
be replicated, there would be advocacy for verbal-centric instruction, at least in certain areas of
education for students with VIs.
2.3 Tools of Math and Vis
Previous inquiry into the learning and proficiency of mathematics by professionals
investigating individuals with VIs has employed the popular paradigms of the time. Examples
are investigations into abaci and calculators during the 1970s and 1980s respectively. Many of
these works were not replicated or built upon until a new similar work emerged as the result of
related discoveries. Research on mathematical cognition in blind individuals was isolated, and
no extensive or robust lines of research on this topic exist in the literature. Related
investigations frequently ignore the emergent paradigms that have occurred during the interim.
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A review published a decade ago of evidence-based practices found only nine studies that
specifically investigated computational accuracy or efficiency for individuals with VIs (Ferrell,
2006). These studies also reflected the highly quantitative focus of research during the 1970s
through 1990s that slowly diminished over time as demonstrated by the steadily decreasing
number of participants. Those nine studies were vital in identifying concrete results, but the
critical follow-up that investigates the why behind the statistical findings unfortunately never
occurred.
The Abacus as a First Computational Study

Ferrell’s (2006) review began with what could be called a seminal study by Nolan and
Morris (1964). This work established priorities and protocols for subsequent researchers of
mathematical computation in the field of blindness and also establishes research starting 50
years ago. Nolan was the first director of the research department of the American Printing
House for the Blind and conducted his pilot studies with its support. An abacus as a
computational tool became increasingly accessible to individuals with VIs thanks to the
adaptation and invention of Terrence Cranmer’s based on the Japanese soroban (“Cranmer
Abacus,” 2013). A pilot study was conducted by Nolan and Bruce (1962) to investigate the use
of the soroban for students who were blind. This investigation was conducted after years of
inquiry and specific concern about the documented arithmetic-deficiencies of students who
were blind when compared to peers. The follow-up by Nolan and Morris involved 8 months of
instruction with three assessments using the Scholastic Achievement Test (SAT) and MaddenPeak Arithmetic Computation Test (M-P) as pre and post instruction measures.
The 42 students in Grades 7-9 at the Perkins School for the Blind showed statistically
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significant improvement, a mean score 33% higher on the SAT and 66% higher on the M-P,
after continuous instruction in the use of the abacus. These improvements were far beyond any
reasonable gains and not attributable to retesting effects alone. The student improvements were
also recorded across all IQ scores, demonstrating the universal potential of the tool. A universal
potential is critical in the area of VIs, given the incidence of multiple disabilities and related
developmental issues (Hill-Briggs et al., 2007). The authors cautioned that the abacus is not a
simple solution. The tool requires practice and specific instruction, but with these supports and
a well-designed program, the benefits can be significant. The effect size ranging from .54-.90,
combined with the documented improvement in skills, demonstrated a promising area of
academic investigation. The success in demonstrating measurable gains due to abacus
instruction set the tone for the next 30 years of research.
Three Methods Compared

Although abacus-based math instruction for students with VIs was shown to be clinically
successful, it was not immediately widely adopted in classrooms. Kapperman (1974) extended
the abacus research of Nolan and Morris (1964) in a study comparing addition proficiency
using three methods of computation for middle and highschool-aged children at the Kansas
School for the Blind. The study compared the effectiveness of the Cranmer abacus as a
mathematics computation tool with that of two more-common tools: mental computation and
the braillewriter. Students were not familiar with the abacus and underwent 4 weeks of training
until a specific accuracy threshold was reached. Instruction then focused on efficiency in
applying the computational methods using an abacus (Kapperman). This instruction allowed
students to become familiar with the tool and the processes necessary to complete addition
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problems. All participants were evaluated on all three tools with alternate forms of the same
assessment generated by Kapperman. Kapperman’s much shorter timeframe of instruction
could have made it difficult to replicate the findings of Nolan and Morris, who operated over 8
months but also instructed the students in more than just addition.
The two null hypotheses of no difference between tools on accuracy and efficiency were
rejected, and data showed that the Cranmer abacus significantly improved both measurements
for addition performance over the mental calculations and braillewriter. Accuracy is a recurring
theme in the subsequent research, but some consideration must be given to the sacrifice of
accuracy for efficiency or vice versa. The word efficient implies a better use of time and energy
in computation. Time needed to create proficiency with a tool is also a significant
consideration. Both issues were addressed directly by Kapperman’s 1974 study. The
assessments for the study included only addition problems but ranged in complexity from two
to four digits in length. The study was limited by the inclusion of only addition and a small
effect size (q = .38 and q = .27) (Ferrell, 2006), but demonstrated a good level of rigor.
Computers for Computation: The Talking Calculator

New developments in tools for mathematical computation by individuals with VIs set the
stage for subsequent studies on the use of talking calculators (Champion, 1976), the concrete
augmentation board (CAB; Hatlen, 1975), and the English-language-grammar method
(Sharpton, 1977). The research on talking calculators extended the line of inquiry started by
Nolan and Morris. Calculators had become a much more common tool in the 1970s and were
gradually replacing instruments like the slide rule and reference books common in higherlevel
mathematics. Popular opinion at the time shunned the use of calculators in education for fear of
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decreased proficiency in mathematics, a debate that continues today involving broader
technology (Li, 2007).
Champion (1976) conducted a study with nine students who were blind ranging from
Grades 3 to 8 to assess the effects and learning that would result from access to a talking
calculator. A pretest was conducted using the SAT tracking score and time-for-completion as
outcome measures. One day of instruction in the use of the calculator was provided and
students were allowed free access to the tool during regular math instruction for a period of
three weeks. The SAT post-test allowed use of the calculator as well. Post-testing showed an
increase of mean computation score (28.95%) and mean concept score (20.57%). Time-tocomplete decreased on both tests, 30.77% and 24.16% respectively. These gains were the result
of short practice time and the fact that the computational tool truly provides an answer with
much less interaction than manual computation or the use of an abacus. The increase in math
concepts resulting from the use of a talking calculator is likely connected to working memory:
with the computational process being completed by an external tool, there is more capacity
with which to engage the concepts at a deeper level.
Champion’s study is valuable for several reasons. The evaluation of an audible output
tool is likely one of the first on record. It was acknowledged that the language used by the tool
could be confusing for students at different levels of mathematical instruction. The terms
decimal point and over instead of divided by were specifically confusing. Additionally, the use
of the calculator and the tracking of braille may place this as the first multimedia interactive
investigation in the field of VIs. The results of this study demand reproduction today with an
expanded time of practice and posttests conducted both with and without the use of a
calculator. Meta-analysis has shown gains in paper-and-pencil skills, attitude, and self-concept
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when instruction was supported with the use of a calculator by sighted students (Ellington,
2003; Hembree & Dessart, 1986), and similar inquiry for students with VIs could support this
foundational research.
Fingermath and Abacus

After a relative explosion of interest in math performance among students who were
blind, research diminished until an investigation of fingermath compared to abacus use
(Maddux, Cates, & Sowell, 1984) was published. Chisenbop, or Korean fingermath, had been
experiencing widespread exploration among sighted students at the time. The study showed
clear improvement which the number of accurately solved problems increased. Note that
sample sizes have been shrinking across studies of mathematical computation in blind students
(N = 42, Nolan & Morris, 1964; N = 16, Kapperman, 1974; N = 9, Champion, 1976); that trend
continued with Maddux et al. (1984), whose study involved three participants.
Research was conducted on three individuals using an ABAB within-subjects design.
Students were removed from normal academics daily for 45 minutes, 35 minutes for instruction
and 10 minutes for testing, for 36 days. Because accurate answers were the only coded data and
number of accurately solved problems was used as the final measure, the study can only speak
to efficiency (and not to relative precision) of performance, which makes comparison to results
of previous studies very difficult, if not impossible.
The design of the Maddux et al. study is far more valuable and informative than the
results. The researchers presented problems for two methods of solution: orally and in braille.
In every case, students completed more of the orally presented problems. Similar to the
limitations in Kapperman’s (1974) work, the researchers used only addition and subtraction
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operations; higher level or more-complex problems were not tested. The body of research
advocating for oral presentation of mathematics is supported by this work and is still a focus of
tool development today (Beal, Rosenblum, & Smith, 2011).
Adapted Manipulative in Isolation

The most recent application of a new tool for computation without sight is the
modification of the Cuisenaire rods by Belcastro (1993). Cuisenaire rods are a series of square
rods varying in length according to whole-number measurements of 1 through 10. The rods can
be arranged physically to represent whole-number solutions to the four arithmetic operations of
addition, subtraction, multiplication, and division. These rods have shown a great deal of merit
in developing concepts through concrete manipulatives for the general population. It is
important to remember that blind students have been documented as outperforming their peers
and of developing conceptual skills without concrete stages (Hatwell, 1985). Belcastro
modified Cuisenaire rods to be distinguished through tactile means instead of color but avoided
creating correspondence between the tactile representation and actual numeric values.
Participant groups were instructed in the use of the rods (experimental) and in using common
manipulative counters (control). The results showed greater performance in the assessment by
the experimental group. The sample was five blind first graders, and the assessment was a 10question quiz of one-digit addition problems. None of the participants answered a single
question correctly on the pretest, and the only data are an evaluation of the post test. Because
the comparison is between counting and the assistance of a computational tool, it should come
as no surprise that the tool resulted in better outcomes. With the wealth of research on abacus
and finger-counting techniques, it is curious that Belcastro did not pit tools against each other
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as other studies did. The value in the study is in demonstrating success in the use of a
tactile/concrete tool, provided students receive instruction in its use. This finding suggests that
perhaps the consistent 2-year deficiencies in the most assessed areas recorded previously by
Hatwell (1985) could be overcome with targeted instruction similar to what is documented by
previous researchers (Champion, 1976; Kapperman, 1974; Maddux et al., 1984; Nolan &
Morris, 1964).
Presentation Instead of Computation

Hatlen (1975) developed a tool called the concrete augmentation board to facilitate in
presenting mathematical materials. The initial board was 11”x11” with velcro materials and
surface. The size approximated the size of a sheet of braille paper and as a result. the
presentation occupied a similar amount of space as that which a student would have to
complete their work. Several versions of the board were developed as part of the research.
Today several modern incarnations of this board are with both magnetic and velcro surfaces are
popularly used; the magnetic surfaces often are dry-erase as well to allow for multimodal
presentation. In the original study, 24 students were divided into control and experimental
groups ranging in ages from 6-10 years. Math instruction was provided daily for 25 minutes for
46 days. The control group was provided standard class materials for blind children, which was
not reported specifically but is assumed to be braille books. Experimental instruction involved
reproduction of the printed math materials in form and layout as accurately as possible using
the CAB. Pre and posttests were taken from the curriculum used in instruction after being
shown to be a valid measure with separate samples of students.
Pretests showed the experimental group to be slightly less proficient than the control

39
group. This made the posttest findings of significant gains for the students trained on the CAB
even more remarkable. The experimental group, who had a mean pretest score of 8.58/27,
achieved a mean posttest score of 18.67/27 with the use of the CAB-supported instruction. The
control group mean pretest score was 9.42/27 and posttest score was 11.83/27. Teachers
attributed some of the gains made by the CAB-trained students to increased efficiency in
presenting and prepping materials. This result is highly validating, since creation of accessible
tactile materials can be a time-consuming process, frequently limiting or borrowing time from
instruction. No one has attempted to experimentally replicate Hatlen’s study, and it was never
published in a textbook or peer-reviewed journal, yet the technology has been implemented in
classrooms across the nation.
Math and VIs in Summary

Each of the studies reviewed above focused on tool use and its effect on proficiency in
arithmetic computation. Physical tools have long been the lever through which mankind finds
advantage to complete routine tasks more efficiently, but cognitive tools are also very powerful
and do not require cumbersome means of manipulation. The concepts evaluated were always
arithmetic in nature, and almost all methods have a plateau effect that eventually appears
problems become more complex. Provided the assessed calculations are simple, proficiency
will progress when supported by certain tools. These tools supplant the cognitive needs of
working the problems out using the limited resources of working memory. As problems
become more complex, the true depth of conceptual understanding and proficiency can be
revealed because the tool support is limited by a student’s ability to fit the problem and tool
together using learned concepts. Our limited knowledge about the cognitive differences in
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working memory between students who are sighted and blind inhibits good empirical inquiry.
The computational findings are truly the end results of much more complex constructs. These
results reveal a need for more research similar to the initial work done by Hatwell (1985).
2.4 The Use of Tools
Because the studies of mathematical computation by the blind reviewed above involved
tools, it seems appropriate to discuss the theories of Vygotsky, who wrote extensively about
human tool use. According to Vygotsky (1978), the use of tools aid in concept development,
and over time, the tool itself can become an abstract manipulative that no longer requires
concrete physical adjustment. This progression occurs as an individual becomes increasingly
familiar with the concrete manipulative until the familiarity allows the individual to mentally
create the tool. A chess master is capable of mentally imagining multiple possibilities resulting
from a single move, whereas a novice is limited to moving the pieces physically in order to
understand the flow of the game. In this example, a chess master can abstract the chess board
and movement of all chess pieces. The development of math concepts after students were
provided with a tool in several of the studies described above would seem to support the
assertion that tools can aid in the development of abstract (math) concepts. Unfortunately, in
the studies reviewed, none of the participants was asked how his or her perception of the tool
changed as a result of the training. Admittedly, the findings of Vygotsky were only introduced
to the United States midway through the historical timeframe reviewed. According to
Vygotsky, tool abstraction is likely only to occur over long periods of use and familiarity. It
was noted that the amount of time to gain familiarity with the tools became shorter in each
subsequent study. However, the consistent message was that tools offer superior computational
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accuracy and efficiency, which is consistent with current trends in mathematics education.
Because tool choice offers varied results, it is perhaps more important that students are given
opportunities to explore tools and make use of the one that requires the least amount of
instruction for proficiency. Teachers reported efficiency as a benefit since they are consistently
under time pressures to meet the needs of their students (Hatlen, 1975). These constraints are at
odds with the time needed to attain tool abstraction.
Likewise, the time needed for students to complete mathematical computation was
highlighted as an obstruction to proficiency (Champion, 1976; Kapperman, 1974). In the
content- and standards-driven math classrooms of today, a missed concept can become a
recurring problem with little time afforded for remediation. Tools that leverage efficiency offer
students opportunities to keep pace with peers in a visually driven curricular world.
The loss of vision in a classroom creates a barrier to the common language and
manipulation of mathematics. This language is so dependent on algebraic symbols and
manipulation that it is difficult to conceive of learning math without access to such tools.
Materials created in braille are not equivalent to materials provided in print. The CAB sought to
address this issue by being a tool that allowed braille users to manipulate mathematical
expressions similar to printed expressions. The innovation allowed manipulation and spatial
orientation more directly than writing using a braillewriter. The only manipulation that
remained inaccessible was the crossing-out and writing-over common in math computation.
Crossing-out and writing-over serves as a recording tool to relieve some of the capacity
demands inherent in complex computation. These methods of recording mathematics should
make it clear that access to a printed version is not equal access. Additionally, when learning
mathematics observing the process of manipulation and copying the process hold critical value
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in later independently executing a computation. The interplay of numbers and equations on the
CAB is an initiation into the dynamic language used to do math. Often students are left to
complete work mentally without sufficient time or practice to abstract the manipulation. The
omission of adequate braillewriter computation, which could be interpreted from the above
results, creates a barrier to higher mathematics. So, the use of tools must also be cautioned and
tempered with the needs of future content.
The research presented here, addresses the critical area of computation that was central
to mathematics education 40 years ago. Today, algebra and geometry content are being
introduced in grade school, and as a result, research in math education for students with VIs
must move beyond arithmetic computation. The theoretical inquiry of Hatwell (1985) stopped
short of formal operational thought. The computational investigations (Belcastro, 1993;
Champion, 1976; Kapperman, 1974; Maddux et al., 1984; Nolan & Morris, 1964) never moved
into algebraic problem solving. With the findings of this body of work as the foundation,
inquiry must be renewed to inform the needs of current math education for students with VIs.
CLT presents us with tools and understanding to facilitate this inquiry and move beyond
concrete operations to assess the progress to tool abstraction.
2.5 Cognitive Load Theory
Cognitive psychology’s origins have a strong connection to disabilities through brain
injury and unusual illnesses that affect cognitive processing. These investigations have
historically presented novel situations that described ways to isolate certain cognitive systems
for examination. Very little work has examined similar processing differences of individuals
with VIs. This may be related to the perceived magnitude of differences that could result from
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the loss of the visual system. Despite the lack of past efforts, the methods of cognitive
psychology offer excellent ways to investigate the learning process of individuals with VIs.
CLT, in particular, may have strong merit to evaluate the most effective ways to present
material and simultaneously investigate the learning of reasoning based-skills.
CLT, like other cognitive theories, is built on the idea that working memory capacity is a
finite resource. This resource can be viewed as the relative challenge of a learning activity
which can represent a load, or the load can exist independent of information, in which case it
may be thought of as a working process. Three forms of load are widely accepted and
supported in the most recent rewrites of the theory (Sweller, Ayres, Kalyuga, 2011). Intrinsic
load is the innate weight of the learning material. It represents load that cannot be removed
from the core material, although it does represent a consistent value for all learners (Sweller,
1994). The intrinsic load of a given task can vary depending on the expertise of the individual
(VanLehn, 1996). Germane load is directly involved with the learning process. We can think of
the germane load as the processing required to add or assimilate a learning goal into existing
schema. Germane load also includes reflective and metacognitive understanding; it is not
always present in all learners for all forms of activity. It can, however, be activated through
careful reflective guidance to foster better generalization (Renkl & Atkinson, 2003). Germane
load can only be utilized if the sum of the intrinsic and extraneous loads does not exceed the
capacity of the learner. The extraneous load does not contribute to learning and is either the
result of complex representation or confounding information. This load can be adjusted within
limits through the application of scaffolding and guided instruction, but the application of these
techniques must be done carefully so that the learner progresses to a more complete
independent understanding (Renkl & Atkinson, 2003; Takir & Aksu, 2012). It has been the
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goal of CLT to create efficient and optimized learning materials, while at the same time
demonstrating that empirically constructed guidance can create better learning (Kirschner,
Sweller, & Clark, 2006). The theory can evaluate the load of respective elements of learning
materials and even assess depth of understanding. The depth of understanding is generally
evaluated through long-term reassessment.
It is important to understand that the load of materials is grounded in a learner’s cognition
and degree of expertise in the given instructional materials (Takir & Aksu, 2012). The
educational materials also have their inherent characteristics that impact difficulty and, by
nature, the load of the task. This characteristic is the element interactivity of the core concepts
in the material (Sweller, 1994). Interactivity can be thought of as the interdependence of active
understanding of multiple components that work simultaneously to complete a learning task.
The interconnectivity of elements in learning materials cannot be controlled and therefore
interconnectivity represents a portion of the intrinsic load. Many tasks can be moved toward
automation as a learner gains more mastery of a subject. Expertise allows an individual to
operate with larger chunks of knowledge and can allow the access of more-robust concepts
from long-term memory. This aids in the managing of the intrinsic load or the ability to wholly
ignore extraneous and interconnectivity factors because individual details are not being
processed (Sweller, 1994). Because most learning materials assume the learner is a novice with
regard to the material or has a standard set of prerequisite skills, the effects of interconnectivity
and learner expertise are frequently thought to be minimized with regard to intrinsic load.
The effects of load and interconnectivity have been specifically applied to materials in
order to observe CLT effects that impact learning. Instructional materials can be designed to
manage these effects to create improved learning outcomes. The impact of worked examples,
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completion examples, split attention, modality, expertise reversal, redundancy, and guidancefaded effects have been successfully applied to algebraic concepts in a seventh-grade
curriculum (Takir & Aksu, 2012). These specific effects and their application are outside the
scope of this study, but the successful application demonstrates the potential implementation of
CLT.
Mathematics by its very nature is taught in a visual manner, and concepts have a high
level of interconnectivity. This interconnectivity causes most mathematical work to carry a
large intrinsic load (Sweller, 1994). For the blind student, the lack of access to the visual
system forces a situation in which alternative sensory channels and adapted materials must
facilitate learning. By their nature, these channels are slower to interact with, both expressively
and receptively. A comparison of average reading speed in braille and print illustrates the
dilemma. A proficient braille reader is expected to attain a reading rate of 100 words per
minute, compared to a print average of 250-300 words per minute for sighted peers (Hatlen,
2003). This reveals a central issue about the modality of instructional materials which could
potentially underlie all learning. Before examining the more intricate impacts of CLT, it is
critical to examine the fundamental effect of modality as it impacts the intrinsic load of
educational materials through direct comparison of learners using tactile and visual materials.
2.6 Noncognitive Factors
Beyond the factors of working memory, there are other constructs that can impact an
individual’s success in academic assessment. An individual’s motivation to learn and engage in
material can result in better performance through persistence and not just inherent cognitive
resources (Duckworth et al., 2007). Tasks can require a higher cognitive load, making schema
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development more time-consuming or challenging (Schmeck et al., 2015). The increased time
needed for tasks completed without the aid of vision is a common element when using audible
or tactile materials. The increased time makes persistence a valuable trait. This persistence to
work through the additional time and the necessary patience to focus on new understanding
could help facilitate success for individuals with VIs. Awareness of these potential interactions
makes any investigation of task performance incomplete without some inquiry into the
presence of these factors. Similar to cognitive resources, these factors exist as theoretical
constructs, and some overlap does exist. The inclusion of noncognitive factors in cognitive load
research has been used to validate constructs and investigate correlates (Schmeck et al., 2015).
While this use has been done to support evidence related to cognitive factors, the impact of
factors like motivation and persistence is worth exploring.
Interest

Motivation has an appreciable impact on academic persistence and achievement (Krapp
& Prenzel, 2011; Rheinberg, Vollmeyer, & Burns, 2001). As a global descriptor, motivation is
a useful construct, but the impact of specific activities must also be acknowledged (Schiefele,
1991; Vollmeyer & Rheinberg, 2000). To aid in the identification of this activity-specific
impact, Rheinberg et al. (2001) identified four factors that contribute to motivation as a whole:
failure to fear, probability of success, interest, and challenge. Of these factors, interest and
challenge have value both individually and when compared to cognitive load. Interest describes
the value an individual puts on a topic or task. Challenge exists as another value judgment but
should not be considered on a hard-to-easy continuum. Rather, challenge is a gauging of the
effort required by a task. Interest and challenge describe a level of engagement that may also
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result in activation and enjoyment (Nakamura & Csikszentmihalyi, 2014; Schiefele, 1991).
Awareness of motivation regarding a specific academic pursuit, in this case mathematics, may
not be captured by assessing only cognitive constructs such as working memory (Rheinberg et
al.). Academic achievement has been shown to be impacted by interest, with greater impact
being found in the domains of mathematics and science than in other academic domains like
English and history (Krapp & Prenzel, 2011). For this reason, interest is an important
component of motivation to investigate when tools expand mathematical and computational
skills.
Grit

The construct of grit is defined as “perseverance and passion” (Duckworth et al., 2007).
Persistence as measured by Vollmeyer and Rheinberg (2000) does not directly compare to grit.
Duckworth et al. (2007) defined grit by long-term goals and not in relation to specific tasks. It
is divided into two domains: persistence of effort (perseverance) and consistency of interests
(passion). The construct was developed as a potential alternative to predictive factors of
achievement such as IQ and SAT scores. Further, Duckworth et al. measured grit in a variety of
groups, including Ivy League undergraduates, West Point cadets, and National Spelling Bee
finalists. However, I know of no research that has investigated grit in students with VIs.
Consistency of interests is defined as a global commitment over time, rather than the
specific interest in a task or topic (Vollmeyer & Rheinberg, 2000). Persistence of effort
describes an attitude of steady work despite relative challenge (Duckworth et al., 2007). These
two elements taken together describe an individual who is consistent and willing to work on a
challenging problem as long as needed. Long task time is a paradox of modern-day assessment.
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Shorter task times are rewarded with an increase in content completion or a measure of mastery
tied to accuracy (Vollmeyer & Rheinberg, 2000). This practice is even present in cognitive
load, which has been objectively measured to be lower when task times are shorter (Brunken,
Plass, & Leutner, 2003). However, an individual working in a domain of high interest that is
challenging can experience prolonged task times that might muddle this method of assessment.
As an illustration of these interactions, it has been theorized that over prolonged time, less
challenging materials that require more cognitive effort to master will eventually lower interest
(Dweck & Legget, 1988; Vollmeyer & Rheinberg, 2000).
Increased task time in these explorations can be thought of as a measure of persistence
(Vollmeyer & Rheinberg, 2000). The increase in task time can also have an additional impact
on a learner using tactile materials. It has been discussed that tactile materials take longer to
use, and additional time is allotted in testing situations. Persistence in the above cases is highly
localized to a specific task, similar to the cognitive-motivational model when compared to the
more global self-determination theory. The presented persistence is content- and domainspecific which would be suitable for algebraic problem solving but does not describe the global
impact of using tactile materials for all learning activities. Such persistence would have to be
defined by a broader scope and a longer term perspective. As a measure, grit more closely
describes the global persistence that would be required for success by a learner using tactile
materials or an adult engaging in any number of daily-living activities.
Grit was developed as a predictive tool for focusing on high-level accomplishments
(Duckworth et al., 2007). Grit scores have been shown to demonstrate some changes both over
time and with academic achievement, although there is not a causal understanding of either
relationship. Grit has been shown to increase with age at a steady pace but with a noticeable
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increase for those individuals born before 1940 (at the time, 65 and older). Scores on the scale
also increase steadily with academic achievement, with one noticeable exception. Individuals
who have completed an associate’s degree stand out as scoring higher in grit than individuals
with some college and those with a bachelor’s degree. The associate’s degree group had a mean
similar to the graduate degree group, but a much larger range. These two findings could be
considered as demographic in nature, as they describe groups within the population and their
grit scores.
If grit is to be used as a predictive measure, it is important to examine other tools that are
used for their predictive quality. Grit was originally tested using Ivy League undergraduates,
but was then validated on other populations. For this component of validity testing, Duckworth
et al. (2007) used the SAT and the measures used with cadets at West Point. The SAT is an
aptitude test and is most popularly used as a measure in making admissions decisions for
undergraduate studies. The SAT has also been used as an approximate for general mental
ability. In the third study on grit it was found that individuals with higher SAT scores presented
lower on the grit scale than individuals with lower SAT scores (Duckworth et al.). This finding
was attributed to the possibility that individuals with lower general mental ability may be more
committed to hard work to overcome shortcomings compared to peers. This rationale fits with
the timed nature of the test and the fact that more thought and work can penalize a test taker
when compared to individuals with more-immediate recall or more-practiced skills. Two other
studies looked at West Point cadets and their likelihood for retention in their challenging
program of study. Grit served as a better predictor for the summer program than any of the
other tools used by the academy but was outperformed by self-control for fall retention.
A sixth study was completed using National Spelling Bee finalists, a group that requires a
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high level of commitment outside of core curricular studies. Children rating higher on the grit
scale studied longer and harder, leading to more success, than lower scoring peers.
The predictive qualities and situations outlined by the Duckworth et al. studies may have
some application within the field of VIs. The expanded core curriculum for individuals with
VIs adds nine areas that are critical to success above and beyond the demands of the national
common core curriculum. These areas assist in overcoming the barriers that exist in the core
curriculum as well as explicitly teachi individuals the skills necessary for independence when
living with a VI. Topics like hygiene and home care, visually-based social-interaction skills,
and how to travel in complex environments are just a few of the items that are taught alongside
compulsory education topics. Individuals who are able to master these skills and their
academics find themselves in college where they daily demonstrate this mastery. Programs
exist to remediate these skills through vocational rehabilitation and extra years of high school
enrollment. Through individualized education plans (IEPs) some students have the option of
prolonging their compulsory education to learn critical skills required for independence.
Participants in these programs will often be older than their peers who graduate without this
extension. The predictive quality of grit has been shown in several domains requiring
commitment above and beyond normal expectations and may have value when applied to
challenges of completing math problems when using braille.
Interaction of Constructs
The potential correlation to success of grit and other noncognitive factors makes them a
necessary area of investigation. The presence of interest, grit, or prior academic achievement
could impact performance results in any testing situation. The research lays bare the factors that
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could have a direct impact on achievement and equity for individuals with VIs. To begin an
investigation using cognitive factors on a population with VIs, it is a matter of due diligence to
also include the presented noncognitive factors to establish some base measures. These base
measurements can also serve as comparison tools for pairing with the other constructs. Interest
questions bear a striking resemblance to the questions of cognitive load but address a more
personally directed force. Grit, as a predictive measure of achievement, is squarely parallel to
working memory, which corresponds in distinct ways with intelligence. For these reasons, all
of the constructs presented here have relationships critical to the study of mathematical
achievement and challenge for individuals using tactile materials.

CHAPTER 3
METHODOLOGY
This study investigated the factors that might impact the algebraic problem solving of
individuals who are blind or have VIs. Most algorithms for solving algebra problems rely on
incidental assistance from visual layout. Investigations into algebraic-reasoning during
mathematical problem solving have not been conducted for the population of individuals with
VIs, and breakthroughs in cognitive psychology and neuroscience warrant some pairing of
inquiry. Methods that have been developed for assessing the cognitive load of a task (F. G.
Paas, 1992; Unsworth et al., 2005) allow measurement of the relative challenge experienced by
individuals who are blind and sighted. Discoveries related to brain plasticity (Bavelier &
Neville, 2002) and neural development of individuals with sensory impairments (Lane, Kanjlia,
Omaki, & Bedny, 2015; Leporé et al., 2010) are yielding a broader awareness of how cognitive
resources may be adapted and applied to tasks, in addition to the recent comparisons of wellestablished metrics like working memory (Bliss et al., 2004).
3.1 Setting and Participants
As an investigation involving human subjects, this study was evaluated by the Northern
Illinois University Institutional Review Board and was approved. The participants for this study
were recruited from two universities located in the Midwest. Campus disability services
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departments and professional contacts were used to request participation from students with
VIs. Snowball sampling was employed by reaching out to existing contacts and encouraging
them to refer other individuals who may be interested in this study. This method was most
successful with individuals with VIs because they typically share contacts and resources on
campus that are unique to their academic needs. Sighted participants were recruited from the
courses in math and education departments, ensuring proficiency in algebra skills but not
specific, strong expertise. This study sought to recruit at least 12, and up to 36, individuals with
VIs and between 100 to 200 sighted math students. The estimated population of students with
VIs at the primary university declined significantly from 12 to 8 from the proposal to the datacollection phase of the reseach. The secondary university yielded only one volunteer. This had
a pronounced impact on recruitment for individuals with VIs. The sighted population likewise
had a smaller than expected volunteer rate from the primary group of math students, falling
short of the goal of 100 but achieving a roughly 8:1 ratio in sampling. All participants were
solicited through a letter and/or an in-person request. Consent was obtained from all
participants and no personal information was retained. Disability information was collected to
group participants who had VIs, but information about specific etiology or acuity was not
collected, because that could identify individuals in a small candidate pool.

Seventy-three people participated in this study. Two participants required large print, and
an additional seven participants did not complete all parts of this study. The participants who
required large print and those with missing data were not included in the analyses. The results
reported here are from seven who used braille materials and 57 participants who used standard
print. The age of participants ranged from 17 to 41 years, with a mean age of 21.91 years, M =
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25.29 years for the braille group and M = 21.49 years for the print group. The means were
pulled toward the upper extremes by the inclusion of several nontraditional and graduate
students, an effect that was more pronounced for the tactile group.

3.2 Measures
Algebraic-Reasoning Task

A seven-item task was developed that included gradually more-challenging questions of
both an algebraic and logic nature (Appendix D). The task went through several iterations to
attempt to refine the reliability of the results. The first version included four items of identical
difficulty and form. This version was found to lack floor and ceiling effects and produced
limited and redundant data; however, it offered internal reliability. The second version included
five items that became increasingly difficult. After the second version was completed, research
investigating cognitive load by Schmeck et al. (2015) was reviewed which included a six-item
task using word problems involving the days-of-the-week. A third version of the task was
developed that alternated between numeric algebra problems and day of the week problems
with an equivalent number of steps to solve. This task was used for pilot testing the procedures.
Test data and the task were reviewed with the aid of an expert in mathematics education, and
the word problems were found to be too divergent from the algebra problems. A fourth version
was suggested that made use of isomorphic word problems that mirrored a preceding algebra
problem. This structure was followed for three of the four algebra problems; the isomorphic
form of the fourth would have been drastically different from the preceding three. The fourth
and final version included items that started with single-step logic and progressed through

55
multiple steps requiring mental computation and/or the assistance of written work. The intent
was to use problems that were accessible and suitably complex so they could not all be
completed easily with pure mental calculation. The assessment was timed and scored for
accuracy. Participant work was reviewed for trends in problem solving and use of written work.

Cognitive Rating Scales

The rating scale asked participants to subjectively rate two items that are related to
cognitive load (Appendix D). The nine-item subjective cognitive-load rating scale is a selfrating scale that was developed as a quick and precise alternative to the intensive methods of
rating cognitive load (F. Paas, Tuovinen, Tabbers, & Van Gerven, 2003; F. G. Paas, 1992). The
theory of cognitive load has led to intensive methods of measurement; however, the original
researchers confirmed that the subjective scale is the “most sensitive measure available to
differentiate the cognitive load imposed by different instructional procedures” (Sweller et al.,
2011, pg. 74). The scale has repeatedly shown high reliability coefficients using Cronbach’s
alpha, ranging between 0.82 and 0.93. The validity has been tested in its ability to predict the
variations in task complexity, where the scale shows sensitivity to these changes (Van Gog &
Paas, 2008). The scale asked participants to identify the amount of mental effort that was
invested in a task and the perceived task difficulty. The cognitive-load item questionnaire for
this task was abbreviated to seven items to maintain consistency with prior research and the
other scales employed: interest and motivation (Schmeck et al., 2015).
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Noncognitive Rating Scales

The questions related to interest and motivation were originally included by Schmeck et
al. (2015) to explore potential differences between cognitive load and affective measures
(Appendix D). It appears to be an oversight that the two questions used are both measuring
interest as a subcategory of motivation, while interest and motivation are presented as separate
constructs. The questions are drawn from the Questionnaire on Current Motivation (QCM;
Rheinberg, et al., 2001; Vollmeyer & Rheinberg, 2000) in the domain of interest. The domain
contains three questions, but the question “After having read the instructions, the task seems to
be _______ interesting” was omitted. The omission was repeated because the instructions for
the problems were the same. The redundancy of using two questions was maintained for the
sake of reliability and to have a two-cognitive and two-motivation pairing (Table 1). The
question “I find problem solving similar to this _______ interesting” measures interest as it
relates to engagement. The question “Given a choice of academic activity I would choose to
complete problems like this.” targets an individual’s interest as it may be expressed in terms of
preference. These questions are adaptations of the items from the QCM used by Schmeck et al.
(2015). The QCM has been tested with six populations and has presented as reliable. Its
validity has been examined and supported through comparison of motivational factors on
learning outcomes similar to concerns within this study (Rheinberg et al., 2001).
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Table 1
Comparison of Interest Items
QCM item

Schmeck et al. 2015

Study items

I like such puzzles and
hobbies.

I like such puzzles and
riddles.

I find problem solving similar
to this _________ interesting.

I would also deal with such a
task in my spare time.

I would work on such
Given a choice of academic
problems in my free time. activity I would choose to
complete problems like this.

Working-Memory Serial-Recall Task

The serial-recall task was administered to sighted participants using the AOSPAN
protocol (Unsworth et al., 2005) developed by David Nitz for Millisecond Software, LLC. The
protocol was developed to offer a more convenient and easier self-scoring version of the
popular OSPAN working-memory tool (Unsworth et al., 2005). The letters chosen for the
AOSPAN in the research are very specific, but the arithmetic distractors are chosen at random.
Each participant is scored by the program with an OSPAN that equals the sum of the numbers
or characters in each accurately recalled series. The program has a three-stage tutorial that takes
participants through letter recall, math distractors, and a combination of the two. During this
tutorial, section data are collected to calculate descriptive statistics for completion time of the
math distractors. If math problems are completed two standard deviations slower than the
average time, the problem is removed and counted as incorrect. When a summative score lower
than the threshold of 85% correct is crossed, the task is ended and labeled as invalid.
The task for this study involved recalling a series of letters presented in sequence, with a
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secondary task to serve as a distractor. The experiment involved sequences of between three
and seven characters. The trials of series length and sequences were randomized, and each
participant completed 15 sequences, three of each length. The secondary task, or distractor, was
an arithmetic expression followed by a potential digit answer and true-or-false option. The
arithmetic task was a two-operation expression involving multiplication/division and
addition/subtraction of the form “(8/2) + 9 = ?.” The arithmetic task was not limited by time,
but response time was recorded together with the supplied response, providing data for
accuracy in addition.
The AOSPAN task was not accessible to individuals who are blind because it is
dependent on the visual presentation of characters on a screen. The software is incompatible
with screen readers and, as a result, refreshable braille displays. Communication with the
company confirmed this appraisal, and its leaders are unaware of an accessible version or
manner to make the program accessible.
To administer an OSPAN task with distractors in a braille format, several sets of cards
were created to facilitate the multiple layers of randomization and controls built into the
AOSPAN (Appendices E-G). One set of cards was created to randomly select the string length.
These string length cards had three sets of the numbers 3 through 7 printed on them. A second
set of cards was created with one of each possible letter to randomize the letters presented for
recall. The math distractor tutorial of the AOSPAN was not randomly generated but was
randomly presented so a two-sided version of the equations and answers were generated that
were identical to those built into the program. The combinations and variability in the math
distractors were far beyond what could be constructed during a testing session, so the AOSPAN
program was used to randomly generate a set of 96 math distractors. These distractors and their
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answers were saved into a database. To track and match answers easily, the set of math
distractors was numbered, and the order of presentation was maintained with a variable starting
point achieved by cutting the deck of cards. These forms of presentation were piloted using
print materials and compared with a pilot group using the AOSPAN task. All braille materials
were produced on small cards with braille stickers applied to one or both sides. Braille readers
will sometimes express preference for braille on paper versus on a plastic medium; the paper is
popularly thought to be smoother, more comfortable, and easier to read. The stickers were used
to provide more strength and permanence to the materials over multiple uses.
In the AOSPAN task, participants recalled strings of letters by choosing characters from a
visually presented grid. Creating a tactile grid and requiring participants to search out braille
characters would require more effort than the simple visual recognition of print letters. To
mitigate this potential extra effort, participants using tactile materials typed their answers on a
braillewriter while speaking them.

Demographic Survey

Participants were recruited from student populations enrolled in university-level
coursework. The sighted sample came from two specific courses with some referrals; therefore,
enrollment included a wide range of majors and years in school. To establish some basis of
comparison for the wide range of possible mathematics background, a short survey about major
and educational background was administered (Appendix C). This survey also included a 12item assessment about the construct of grit (Duckworth et al., 2007).
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Nemeth Code Assessment

Subjects who were braille readers completed a written knowledge assessment, the
Nemeth Code, focused on braille mathematics that evaluated their general familiarity with
tactile mathematical code common to prealgebra and algebra symbols (Appendix H).
Familiarity and proficiency in reading and writing the Nemeth Code has been studied and
found to be a problem for both teachers and students over the last decade or more (Amato &
Rosenblum, 2004; Kapperman & Sticken, 2003; Kapperman, Sticken, & Smith, 2012).
3.3 Procedures
All participants scheduled a face-to-face meeting to complete the assessments. Subjects
whose primary learning media was braille were first asked to complete the Nemeth Code
assessment. After this, all other assessments were presented in the same order for all
participants. The algebraic-reasoning task was followed by the working-memory tool and
finally the demographic survey. For individuals who were sighted, the AOSPAN tools were
presented on a computer, and the demographic survey immediately followed it on a cloudbased survey system. Individuals completing the serial-recall task using braille materials made
use of a card-based assessment for this task. A short break was offered before each new task.
3.4 Plan for Analysis
Specific data from the tasks were used to address the research questions. Analysis was
conducted to directly answer questions of variance in the compared groups. Additional
information from tasks was held for potential post hoc investigation and discussion to address
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potential future avenues of research based on findings.

Question 1: Is the working memory of individuals with a VI using tactile materials
similar to that of individuals without a VI using print materials?

The mean working memory from the experimental group was compared with the mean
of the control group. The null hypothesis of there being no statistically significant difference in
working memory was tested at the p < .05 level. Previous research has shown that the tactile
working memory of individuals who are blind is comparable to the visual working memory of
individuals with and without VIs (Bliss et al., 2004; Cohen et al., 2010). This investigation
expected to replicate these findings and, as such, expected to maintain the null hypothesis.
Question 2: Is there a difference in task time for individuals with a VI to complete
problem solving that requires algebraic-reasoning in a tactile format compared to
individuals without a VI using print materials? If a difference is present, what is the
direction and magnitude of the difference?

This question was examined using total task time completing the algebraic-reasoning
tool. The null hypothesis tested whether there was no difference in task time for the
experimental group when compared to the control. If rejected, further exploration would use
modified control-group task time compared to the unmodified experimental group. The
modification involved multiplying the control-group’s values by percentages (i.e., 150%,
200%, 250%) to conduct additional means testing. This exploration attempted to approximate
the direction and magnitude of the difference. Statistical significance was tested using the total
task time at the p < .05 level. The significance of the finding in this question was aided in terms
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of power by a larger sample. Pilot data from task testing allowed some estimation of population
size and resulting power.

Initial task-time piloting yielded µ = 259, σ = 109.72. Doubling these values yielded µ
= 518.70, σ = 219.44, which is likely an overly large σ. In order to reach 80% power with a
control group n = 100 and experimental group n = 20, the experimental group µ > 631±150, or
a 240% greater total task time. The same power could be achieved with control group n = 200
and experimental group n = 30, µ > 606±150, which is still a 233% increase in task time.
Question 3: Is it more cognitively challenging for individuals with a VI to complete
problem solving that requires algebraic-reasoning in a tactile format when compared to
individuals without a VI using print materials?

The mean rating on the mental effort from the experimental group was compared with
the mean of the control group. The null hypothesis of there being no statistically significant
difference in cognitive challenge was tested at the p < .05 level.
It was expected that perceived mental effort would present little, if any, statistical
significance. While the null hypothesis was expected to be confirmed, the impact of this
hypothesis can be more descriptive when paired with the findings regarding task time and
working memory.
Question 4: Do individuals with a VI solve problems that require algebraicreasoning in a tactile format as efficiently as individuals without a VI using print
materials?
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The efficiency of problem solving was measured through the creation of a ratio
combining composite z-scores on performance with task time. The composite z-scores were
generated by grouping all data together and then comparing between groups. The mean
efficiency of the experimental group was compared with the mean efficiency of the control
group. This test was conducted for sum values of time and score only. The null hypothesis of
there being no statistically significant difference in efficiency was tested at the p < .05 level.
Expectations regarding task time placed efficiency scores of the experimental group
higher than those of the control group. The significance of the difference was expected to be
mitigated by the ratio and normalizing of the data.
Question 5: Is there predictive quality between cognitive (working memory and
cognitive load) and noncognitive measurements (interest, and grit) related to task time?
Correlation and multiple regression analyses were conducted to examine the relationship
between task time and the potential cognitive and noncognitive factors that might influence it.
The model was used to identify factors that were expected to contribute to task time beyond
simply having a VI.

CHAPTER 4
FINDINGS
The purpose of this study was to compare performance measures for students who are
tactile learners with students who use print materials in the domain of mathematics and
memory. As part of this study demographic information was gathered with a survey tool as a
final step. The goal of the survey tool was to gather information about personal characteristics
and noncognitive factors that may impact mathematics performance, in service to the final
research question. This survey data also includes information on the academic mathematics
experience of the participants.
4.1 Demographics
Participants included a wide range of academic majors and mathematical backgrounds.
Twenty-five academic majors are represented, with special education (32.8%), elementary
education (7.8%), and mechanical engineering (6.3%) representing the top three. The tactilegroup data as a subset of this information has five individuals in special education (71%), one
in communication studies (14%), and one in psychology (14%). The total sample data are
easier to view when organized into colleges within a university as shown in Figure 1.
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Figure 1. Pie chart of academic majors by college.

Figure 2 shows the distribution of the highest level of mathematics coursework completed
by the participants. The largest proportion is algebra (43.8%), both high school algebra 2 and
algebra, because that was the minimal requirement for participation in this study and is also the
minimal graduation requirement for most high schools and universities. Participants also had
completed calculus (17.2%), statistics (17.2%), and higher math (4.7%) coursework beyond
those specifically mentioned. The tactile-group participants had completed more higher level
mathematics courses than the sighted group, and this was despite that most of their academic
majors do not require higher level mathematics.
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Figure 2. Pie chart of highest level of mathematics completed (HS Alg2 = high school algebra
2, Alg = college-level algebra, PreCalc = precalculus, Calc = calculus, Stats = statistics, Higher
Math = coursework in college beyond standard calculus and statistics).

In addition to the highest level coursework taken, the number of years since taking a math
course could impact proficiency. The number of years in higher education and time since a
math course was taken (“since math”) were also collected because they could impact
performance on the algebraic-reasoning tool. “Since math” was measured on an ordinal scale: 1
representing less than 6 months, 2 for 6-12 months, 3 for 1-2 years, 4 for 2-3 years, 5 for 3-4
years and 6 for more than 4 years. Thirty-nine (61%) of the participants had enrolled in a math
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class within the last year, a score of 1 or 2 on the scale. This is not surprising because many of
the participants were recruited from a course in college algebra and other 200-level
coursework, when students are likely to be completing math core-academic requirements.
Similar to the outliers in age described previously, one extreme case within the tactile group
pulled the mean toward the high end of the scale.

It has been discussed that academic progress can take longer for individuals with VIs.
This longer time for progress can translate into academic programs taking longer and, as a
result, the individuals with VIs being older when enrolled in these programs. The age of
participants in the braille-reading group (M = 25.29, SD = 7.15) and print group (M = 21.491,
SD = 4.441) were not found to be significantly different t(62) = -1.99, p = .052 (Figure 3). The
difference in means, however, does add context to the number of years of higher education.
Years of higher education was measured by year, with 0 used for less than 1 and 6 for 6 or
more. The braille-reading sample (M = 4.57, SD = 1.51) and print readers (M = 2.56, SD =
1.96) were significantly different for years of education, t(62) = -2.62, p = 0.011.
4.2 Research Measures
This study made use of a control group that was larger than the experimental group. The
purpose of this design was to identify a population norm while being able to describe the
characteristics of the tactile group as a subset of this larger group. Inclusion of students with
impairments within classrooms of their nondisabled peers has become the most common
approach today in schools. This trend has been mandated to some degree through recent
interpretations of the least restrictive environment (LRE) provisions of the Individuals with
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Figure 3. Side-by-side boxplots of age by format and histogram of age.

Disabilities Education Act (IDEA). This inclusion makes it necessary to understand the
research measures, both globally and comparatively, to have a stronger understanding of the
population of students with VIs.
Operational span as a measure of working memory is reported in the literature by two
similar measures. The absolute score, the measure used for Research Question 1, is the sum of
the number of perfectly recalled items in the strings. The results from this study are compared
with results from Unsworth et al. (2005) in Table 2. It is apparent that the sample differs from
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published measures. A larger n for the sample with VIs would increase the reliability of the tool
and potentially reduce some of the differences found with prior studies. However, in
calculating a pooled-samples t-test, no significance was found between the Unsworth et al.
results and the tactile group (t(259) = -0.511, p = .610), or Unsworth et al. and the print group
(t(309) = 0.763, p = .446). Admittedly, the bar is set rather high for the differences and
significance, given the weight of the published-study size versus the small groups from this
study. It is noteworthy that the directionality and magnitude of the skew and kurtosis are
similar across all three groups for the absolute score.

Table 2
OSPAN Comparison Table
Measure

Group

Absolute score

Unsworth et al. (2005)
Print group
Tactile group

Total correct
letter

Unsworth et al. (2005)
Print group
Tactile group

N

M

Median

SD

Skew Kurtosis

252 39.16

37.50

17.41 -0.02

-0.49

57 37.19

37.00

18.45 -0.21

-0.77

7 42.57

49.00

17.68 -0.07

-0.58

252 55.25

58.00

13.70 -1.14

1.41

57 52.86

55.00

15.96 -1.03

0.72

7 62.14

63.00

8.24 -1.30

2.54

With the inclusion of a math-based distractor and the algebraic-reasoning tool, it seemed
relevant to make use of demographic information to further explore the OSPAN measure. The
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working memory of the participants ranged from 0 to 71, with a mean of M = 42.57 for the
braille group and M = 37.19 for the print group. The histogram shows a distribution with no
egregious outliers, and the boxplots show similar shape (Figure 4).

Figure 4. Side-by-side boxplots of working memory by format and histogram of working
memory.

The independence of working memory was explored by computing correlations with
relevant demographics. There were no significant relationships found between working
memory and “since math” (rSpearman = .178, p = .160), “years higher ed.” (r=.148, p=.240), or

71
“highest math” (rSpearman = .091, p = .477). Research has shown a trend towards decline in
working memory as age increases, but this decrease has been seen as more pronounced in ages
over 60 years (Salthouse & Babcock, 1991). To address potential issues about older
participants and working memory, correlations were also investigated, and no significant
relationship was found between working memory and age (r = .146, p = .244). A similar
concern was that the students with more time since math coursework might have lower scores
on the algebraic-reasoning tool, and inversely that students with more mathematics coursework
might have higher scores. Although this inquiry was not related to a specific research question,
descriptive statistics and correlations were generated. “Score” was not found to have a
significant relationship with “since math” (rSpearman = -.025, p = .845), “years higher ed.” (r = .043, p = .736), or “highest math” (rSpearman =.139, p = .272). This analysis was completed to
ensure that the diversity of the sample did not impact the findings.

The task-time measure is a traditional tool of psychology for evaluating both memory
and cognitive load (Brunken, et al., 2003). It also has relevance related to academic tasks and
standardized assessment when discussing alternate formats. When the task time of the total
sample is viewed, it appears that some part is heavily skewing the distribution (Figure 5).
Review of the descriptive statistics (Table 3) demonstrates that the skew, although more
pronounced for the tactile group, is a consistent feature of both groups in addition to there
being a pronounced lack of homogeneity between the two groups (F(62) = 15.036, p < .01).
Previously shared standards in assessment make this a less surprising discovery. The small
sample size of the tactile group makes measurements of both skew and kurtosis less useful in
general. The formal tests of this variable are described in Research Question 2. Double task
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time of the print group is reported because it has been a traditional accommodation in testtaking situations for individuals with VIs. The relative shape and weighting of double task time
is similar to the task time on which it is based.

Figure 5. Side-by-side boxplots of task time by format and histogram of task time.

The score on the algebraic-reasoning task is a whole number value between 1 and 7.
The assessment was designed with gradual increasing difficulty to avoid a plateau effect in
values. A pooled-samples t-test for the tactile group (M = 5.00, SD = 1.00) and print group (M
= 5.16, SD = 1.131) had no statistical difference in score, t(62) = .352, p = 0.726. The
distribution of the total sample appears relatively normal. The impact of outliers was reviewed
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because it could possibly impact task time, depending on mathematical proficiency or the
sincerity of the effort. The seven outliers for “score” were reviewed for task time, and it was
found that they each were within two standard deviations of their group mean both above and
below, satisfying potential concerns.

Table 3
Research Measures Table
Measure
Task time

Group

M

Median

SD

Skew

Kurtosis

Print

403.040 369.000

194.280

0.844

-0.121

Tactile

932.660 822.880

485.890

1.069

0.369

Double task time

Print

806.070

738.00

388.550

0.794

1.587

Score

Print

5.160

5.000

1.131

-0.322

-0.465

Tactile

5.000

5.000

1.000

-1.400

3.000

Print

18.980

19.000

5.012

0.214

-0.081

Tactile

23.000

23.000

4.619

-0.156

-0.704

0.048

-0.173

0.840

0.610

-0.492

-0.893

-0.896

0.409

0.639

-0.921

Print

3.417

3.330

0.575

0.045

-0.600

Tactile

3.761

3.670

0.423

1.346

1.946

Cognitive load

Efficiency

Print
Tactile

Grit
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The self-rated cognitive-load measure had no true comparison because the task
measured used an original tool. Each question was rated on a scale of 1 to 7, yielding a
potential total for the seven questions ranging from 7 to 49. Actual values ranged from 9 to 31,
with a smaller range for the tactile group. The total sample (N = 64, M = 19.42, SD = 5.10)
appeared to have a normal distribution, and the two groups had small values for both skew and
kurtosis.
The efficiency measure (M = -0.0552, SD = 0.8546) is a composite of score divided by
task time, then normalized. The ratio of score and time created some outliers with values
beyond the expected distribution. These outliers were the result of score values of 6 or 7 and
times that were at least one standard deviation below the mean. These values were adjusted to
the upper bound of the efficiency range with a value of 1.66 and are apparent in Figure 6.
Because of the longer task times for the tactile group, the range was much lower.
The 12-item grit scale performed well for the sample (Table 4). The values for the total
sample (M = 3.45, SD = 0.58) were similar to those for Ivy League undergraduates (M = 3.46,
SD = 0.61) in a published study (Duckworth et al, 2007). The results for the print group were
very close to the total sample’s, but the tactile group (M = 3.76, SD = 0.42) had a higher mean
and lower standard deviation. The tactile group’s results were similar to findings for West Point
cadets (M = 3.75, SD = 0.54) class of 2010 (Duckworth et al., 2007), placing the findings
within the range of published research. A pooled-samples t-test for grit for the tactile group (M
= 3.76, SD = 0.42) and the print group (M = 3.42, SD = 0.58) found no significant difference
t(62) = -1.53, p = .131.
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Figure 6. Side-by-side boxplots of efficiency by format and histogram of efficiency.

Research Question 1

Is the working memory of individuals with a VI using tactile materials similar to
that of individuals without a VI using print materials?

The working memory of individuals using braille (M = 42.57, SD = 17.68, SE = 6.68)
was compared to that of individuals using print (M = 37.19, SD = 18.45, SE = 2.44). A pooledsamples t-test was used to find the difference between groups, MD = -5.378, 95% CI [-20.092,
9.336], and was not statistically significant (t(62) = -0.73, p = .468).
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Table 4
Grit Study Descriptives
Study group

N

M

SD

Duckworth 1: adults 25 and older

1,545 3.65 0.73

Duckworth 2: adults 25 and older

690 3.41 0.67

Duckworth 3: Ivy League undergraduates

138 3.46 0.61

Duckworth 4: West Point cadets 2008

1,218 3.78 0.53

Duckworth 5: West Point cadets 2010

1,308 3.75 0.54

Duckworth 6: National Spelling Bee finalists

175 3.50 0.67

Current study: total population

64 3.45 0.58

Current study: print group

57 3.42 0.58

Current study: tactile group

7 3.76 0.42

The hypothesis that there was no difference in working memory between individuals
using tactile materials and those using print materials was not rejected. Previous research has
shown that the tactile working memory of individuals who are blind is comparable to the visual
working memory of individuals with and without VIs (Bliss et al., 2004; Cohen et al., 2010).
This study has replicated these findings, reinforcing theories that the core resource of working
memory appears to be consistent across tactile media for the participants in this study as it has
been found with a myriad of other auditory and visual media.
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Research Question 2

Is there a difference in task time for individuals with a VI to complete problem
solving that requires algebraic-reasoning in a tactile format compared to individuals
without a VI using print materials? If a difference is present, what is the direction and
magnitude of the difference?
This question requires multiple hypotheses, which were examined using total task time
with the algebraic-reasoning tool. In the initial test, the task time for the tactile group (M =
932.66, SD = 485.89, SE = 183.65was compared to the print group (M = 403.04, SD = 194.28,
SE = 25.73). The variances were unequal F(1, 62) = 15.04, p < 0.01, and so corrected-degreesof-freedom values were used for the t-test, MD = -529.62, 95% CI [-979.23, -80.01], and were
found to be statistically significant t(6.24) = -2.86, p = 0.028, with a large effect size d = 1.84.
Because this mean difference was statistically significant, the directionality and magnitude of
the difference were explored. Because double time is a common accommodation, double the
task time of the print group (M = 806.07 SD = 388.55, SE = 51.47) was compared to the
unaltered tactile group (M = 932.66, SD = 485.89, SE = 183.65). The variances were equal F(1,
62) = .437, p = .511, so a pooled-samples t-test was used, and the difference between groups
MD = -126.59, 95% CI [-446.03, 192.86], was not statistically significant t(62) = -0.79, p =
0.431.
The primary hypothesis was rejected, and results showed that the base time for
individuals using braille was significantly longer than those using print. The effect size of 1.84
approaches two standard deviations of difference or, in this case, nearly a doubling of the mean
for the print group. The additional investigations found no significance. At 200% task time, an
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effect size of .34 was observed. This finding supports the popular practice of offering twice as
much time to test takers making use of braille materials.
Research Question 3

Is it more cognitively challenging for individuals with a VI to complete problem
solving that requires algebraic-reasoning in a tactile format when compared to
individuals without a VI using print materials?

The cognitive load of individuals using using braille (M = 23.00, SD = 4.62, SE = 1.75)
was compared to that of individuals print (M = 18.98, SD = 5.01, SE = 0.66). A statistically
significant difference was found t(62) = -2.016, p = .048, with a medium-to-large effect size of
d = 0.79.
The hypothesis that the cognitive challenge of algebraic-reasoning tasks braille and
print is not different was rejected. The results found a significant difference, suggesting that the
tasks were more cognitively challenging to the participants making use of braille. This
information will require future investigation to discern whether the difference is from intrinsic,
germane, or extraneous load.
Research Question 4

Do individuals with a VI solve problems that require algebraic-reasoning in a tactile
format as efficiently as individuals without a VI using print materials?

The efficiency of problem solving, a ratio of performance to task time expressed in
standard deviation units (z-scores), for individuals using braille (M = -0.893, SD = 0.409, SE =
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0.155) was compared to the efficiency of individuals using print (M = 0.115, SD = 1.002, SE =
0.133). A significant difference was found t(62) = 2.619, p = .01, with a small effect size (d =
0.20).
The hypothesis that efficiency with algebraic-reasoning tasks is not different for
individuals using braille materials and those using print materials was rejected. The
standardized ratio suggests that the efficiency of individuals using tactile materials was lower
than that of those using print materials. The efficiency rating as a ratio of score and time does
carry some similarities to established differences in task time for the two groups. This
relationship and potential use are discussed later.
Research Question 5

Is there a predictive quality between cognitive (working memory and cognitive
load) and noncognitive measurements (interest and grit) related to task time?
Relationships first were explored among task time, working memory, cognitive load,
interest, and grit for the sample. There was a significant relationship between task time and
cognitive load (r = 0.459, p < .01) as well as grit (r = 0.355, p < .01; Table 5). No significant
relationship was found between task time and interest preference (r = -0.024, p = .85) or
interest engagement (r = -.024, p = .056).
A regression model was fitted using the three strongest relationships from the
correlations with task time. Standard residuals were plotted against standardized predicted
values for task time to assess heteroscedasticity and nonlinearity. Because of the differences in
groups, the larger variance of the tactile group produced the appearance of heteroscedasticity.
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Table 5
Research Question 5 Correlations
Measure
Task time

Test
statistic
Pearson
corr.

Task
time

Working
memory

Cognitive
Interest,
Interest. Grit
load
engagement preference

Sig.
(2-tailed)
Working
memory

Pearson
corr.

-0.153

Sig.
0.226
(2-tailed)
Cognitive
load

Interest,
engagement

Interest,
preference

Pearson
corr.

0.459**

Sig.
0.000
(2-tailed)

0.835

Pearson
corr.

0.005

-0.094

Sig.
0.056
(2-tailed)

0.971

0.460

Pearson
corr.

0.176

0.164 0.323**

0.163

0.196 0.009

-0.056

0.068 -0.198

-0.240

-0.024

Sig.
0.852
(2-tailed)
Grit

0.027

Pearson
corr.

0.355**

Sig.
0.004
0.662
0.595 0.116
(2-tailed)
Note: **Correlation is significant at the 0.01 level (2-tailed).

0.005
0.970
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Scatterplots and test statistics show a lack of collinearity (Figure 7). The model found that
cognitive load (ß = 0.425, p < .01) and grit (ß = 0.30, p < .01) were statistically significant
predictors of task time. Interest engagement was not a significant predictor in the model (ß = 0.141, p = .196; Table 6). The overall model fit was R2 = .335.

Figure 7. Scatterplots of task time, cognitive load, grit, and interest (engagement).
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Table 6
Regression Table of Coefficients
Term
Constant
Cognitive load
Grit
Interest, enagagement

Coefficient

SE
t
coefficient
-411.718
255.355 -1.612

Sig.
0.112

24.150

6.017 4.014

0.000

151.814

54.791 2.771

0.007

-4.611

3.523 -1.309

0.196

To summarize, a predictive model was generated through exploration of correlations.
The model including grit, and cognitive load accounted for 33.5% of the variability in task
time. The regression coefficient relating cognitive load and task time showed that the greater
the cognitive load of the task, the longer the task time. The relationship between grit and task
time was also positive, reflecting that individuals with a longer grit rating would also have a
higher task time. The usefulness of this model is debatable because cognitive load is a selfreported value reflective of an assessment after it is completed, and grit reflects perseverance
and is a trait necessary when tasks take longer or are challenging.
4.3 Post Hoc Analyses
The findings addressed the research questions, but the data provided some opportunity
for additional analyses. These analyses were conducted to add context to the findings and the
samples in this study.

83
Task Time

The findings for Research Question 1 were that no statistical difference for task time
when comparing the print group at 200% to the tactile group. This double-time measure is the
normal accommodation for students with VIs taking many standardized tests. For post hoc
analyses, additional percentages beyond 200% were reviewed and tested.
The print group at 250% task time (M = 1007.59 SD = 485.69, SE = 64.33) was
compared to the unaltered tactile group (M = 932.66, SD = 485.89, SE = 183.65). The variances
were equal F(1, 62) = .015, p = .902, and the difference between groups, MD = -74.93, 95% CI
[-313.92, 463.79], was not statistically significant t(62) = 0.39, p = 0.701. The print group at
300% task time was also reviewed (M = 1209.11 SD = 582.83, SE = 77.20) and compared to
the unaltered tactile group (M = 932.66, SD = 485.89, SE = 183.65). The variances were equal
F(1, 62) = .445, p = .507, and the difference between groups, MD = 276.45, 95% CI [-180.25,
733.15], was not statistically significant t(62) = 1.202, p = 0.234.
This additional exploration shows a lack of statistical difference in task time
comparison for additional values. This suggests a potential range exists somewhere between
200% and 300% task time but, in truth, leaves less certainty and requires more investigation in
the future.
Analysis of Written Work

It was suspected that an underlying factor in task time for the tactile group would be the
use of a braillewriter. It was suggested that completing math calculations on this tool were
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cumbersome and would contribute to increasing the task time. To explore this, the written work
of participants was reviewed.
A review of the algebraic-reasoning-task testing materials revealed that 23 of 49
problems completed in braille had some form of written work. As problems become
progressively more difficult, the intent of the design was to create situations in which cognitive
relief of transformations or numeric solutions would be more often necessary. On Items 5 and
6, this necessity was most prominent. Item 7, although more complex conceptually, had a
solution that depends on a rote algorithm that occupies significant span for a novice and less for
a practiced expert. Fifty-four of the 57 (95%) members of the print group used written work on
Item 5 and 55 of 57 (96%) used written work on Item 6. This is compared with four of seven
(57%) who used written work on Item 5, and three of seven (43%) on Item 6 for the group
using tactile materials. This decreased use of written work adds context to the cognitive-load
rating, since it is a self-reported rating scale. By completing these problems that are designed
with an increased load without the aid of written work, one would expect increased task time
and cognitive load.
Identifying the reasons for not using written work should be investigated in future
studies. However, potential differences in the algebraic-reasoning tool, or its complexity for
this study’s two samples, could also be a source of the choice to write out work. To investigate
the difference in the performance of the tool, the task time on Questions 5 and 6 for individuals
who used written work was reviewed. The tactile group mean (M = 101.56, SD 66.91, SE =
33.45) was a little over 300% of the print group (M = 34.39, SD = 27.90, SE = 3.80). The
variances were unequal F(1, 56) = 7.28, p = 0.09, and so corrected-degrees-of-freedom values
were used for the t-test, MD = -67.17, 95% CI [-172.80, 38.46], and was found not to be
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statistically significant t(3.08) = -2.00, p = .138. For Question 6, the tactile group mean (M =
214.82, SD = 147.08, SE = 84.92) mean was much closer to the print group’s mean (M = 158,
SD = 117.95, SE = 15.90), and a pooled-samples t-test found no significant difference t(56) = .802, p = .426. This comparison suggests that future tools acknowledge the potential difference
in these two isomorphic problems and the impact they have for computing mathematics in
tactile and print formats.
Efficiency Rating Scale

Both cognitive load and task time lead to a discussion about efficiency. The efficiency
rating used in this study was based on previous work by Kapperman (1974) and Champion
(1976). As mentioned earlier, the independence or novelty of the measure was in question
based on an earlier review of the historic works. To combat the impact of the expected large
range in task time, the composite value was standardized for the entire sample before
comparing the groups. This process was developed in reaction to prior research and a moderate
correlation that was found between task time and efficiency. In contrast, a weak relationship
was found between task time and score. These findings suggest that score may not have an
impact on the composite variable and that the composite of efficiency is not measuring
anything novel beyond task time.
This relationship was explored further in this study. The mean of the score for the group
using tactile materials (M = 5.00, SD = 1.00, SE = .378) was compared to that of the group
using print materials (M = 5.16, SD = 1.31, SE = .150). No difference was found between the
groups t(62) = 0.352, p = .726. Taken together, the significant difference and large effect size
for task time, the significant differences and smaller effect size for efficiency, and the lack of
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significance for score suggest that score may merely be masking the effects of task time. In the
historic studies about comparisons for computational methods, an efficiency rating is a logical
measurement. However, this measurement doesn’t seem to carry additional weight beyond the
weight of its components examined separately.
Cognitive Load and Working Memory

Research Question 5 addressed the predictive qualities of cognitive load and working
memory on task time. For that question, both measures were reviewed for the entire sample. In
Research Question 1, there was no significant difference in working memory, and yet Research
Question 3 identified a difference in cognitive load. To further explore this difference,
cognitive load and working memory were plotted with tactile and print groups identified
(Figure 8). When plotted together, it is clear that the distribution within the print group is well
scattered. The tactile group, however, appears to line up as a negative correlation. The
exception to this trend is a single point. The size of the sample is far too small to lead to any
conclusions or theories, but this potential relationship should be investigated in future research
and may give reason for future pairings of cognitive-load and working-memory measurements.
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Figure 8. Side-by-side boxplots of cognitive load by format and scatterplot of cognitive load on
working memory by format.

CHAPTER 5
DISCUSSION
Prior research in the field of VIs and mathematics has focused on the evaluation of tools
and comparing performance within samples of individuals with VIs (Champion, 1976; ;
Kapperman, 1974; Maddux et al., 1984; Nolan & Morris, 1964). One early study looked at
cognitive development by comparing individuals with VIs to a control group without VIs
(Hatwell, 1985). Similar interests and comparison groups are emerging in working memory
with regards to both brain function and development (Bliss et al., 2004; Cohen et al., 2010). To
purposely explore comparisons between individuals who use braille and print, it is important to
establish the ways in which the populations are similar and distinct. This study sought to pair
these lines of inquiry through replication of prior studies and original investigation. This
section reviews the research results through an expanding context by linking results to
educational needs and additional analysis.
5.1 Review of Research Questions
The starting point for this investigation was to establish the differences, if any, in
working memory for subjects who use braille and those who use print. Results agreed with
those found in work by Bliss et al. (2004) and Cohen et al. (2010). The previous research made
use of an n-back task and serial-recall task with articulatory suppression, respectively. Cohen et
al. (2010) conducted additional experiments using the distractors of mental arithmetic and
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mental block displacement but only comparing two groups of individuals with VIs: one who
read braille and another who read print. This study has added to this area of research by using
an arithmetic distractor while reviewing individuals who read braille compared to individuals
without impairments who read print. Instead of matching the sample for age, gender, and
education as was done in prior studies, a larger control group was used in this study to ensure
that the individuals who read braille were compared to a reasonably normal group and not a
potentially skewed small random sample. This element is not to be interpreted as authoritative
or an ideal method of inquiry, but one more necessary piece to the body of research. Avenues
of inquiry and conclusions are far from established. Replication of the existing studies must
work towards a larger collective sample size and compare individuals using braille to those
using print, before exploring individuals with VIs who read print. The population of individuals
with VIs who read print has far greater diversity, and even comparisons of similar disability
and acuity can yield drastically different performance on identical tasks. As it relates to this
study, the exploration of working memory sought to clarify one factor involving algebraicreasoning that might contribute to task completion.
Results for Research Question 1 found that the working memory of the participants did
not differ significantly between the two groups. The growing trend in working-memory
assessment is scratching the surface of the working-memory system for learners who use tactile
media. The domain of the phonological loop has been heavily researched, and the visuo-spatial
sketchpad is being more frequently explored in recent years (A. D. Baddeley et al., 2011). The
suggestion by Cohen et al. (2010) that there may be multiple slave systems that are shaped by
experience broadens the next steps of research into tactile working memory. The lack of
difference between groups in this study adds support to the underlying capacity and similarity
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in units when information is chunked together. The concept of freeing resources when the
visual system is not active did not present itself in the findings. This suggests that the capacity
that maintains the constant input from the visual system is likely hardwired into the resources
of that slave system. When attention is given to that system, it is either directed by the central
executive or hardwired via survival instincts, such as sudden loud noises or rapid movement in
peripheral vision. The next step in this line of research must explore the theory of a tactuospatial slave system that is refined through experience. This exploration should look to
traditional and recent distractor tasks to limit the inherent resources of the slave system while
identifying a distinct channel from both auditory and visual stimuli. It will hopefully be
possible to distinguish whether the tactual information exists as a haptic subsystem of
kinesthetic information (A. D. Baddeley et al., 2011) or a distinct subsystem (Cohen et al.,
2010). The term subsystem is used here instead of slave system to distinguish the fact that
tactile discrimination for literacy is a specially trained skill when compared to pattern
recognition in the visual system.

Research Question 2 identified a significant group difference in task time. This difference
in task time falls along the lines of the additional time often allowed for students with VIs on
standardized achievement tests. There was no significant difference for twice the task time for
the print group compared with the group using braille, but the equality of means and variance
was closest for 250% time. These findings suggest that testing agencies may have long based
their accommodations on internal testing data that have not yet been released publicly. If this
presumption is true, then a more fertile data set exists within the archives of testing agencies
which could be used to assess this research question on a much larger scale. It is also possible,
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since the sample is drawn from college students, that the sample represents only those
individuals capable of completing standardized assessments within the double time allowed.
While confirmation from a larger, and perhaps more representative, sample than the small
convenience sample used in this study would be useful, it does not address the possible reason
for the difference. Prior investigations into reading speeds for braille have been anecdotal in
nature (Wormsley, 1996) or suffered from having small samples (Radojichikj, 2015). The use
of algebraic problem solving adds an additional layer to braille reading by including the
possibility of braille production and review. To further investigate the impact of task time, it
will be necessary to research braille reading at grade-level and in content areas along with
separate tasks for braille production that are similar to notetaking. A final layer should then be
developed to assess both production and review along with problem solving in order to better
replicate the process of academic engagement. At this moment, it is impossible to identify the
why or where that produced the increase in task time.

5.2 Potential Sources of Differences
The design of this study could not clarify these two important questions, but the
cognitive-load tool offered some support for a difference being present. As a self-reported
measure, Research Question 3 gives some insight into the perceptions of the individual. While
reading rates are reportedly slower, many of the problems had fewer than 10 characters in total,
and math equations are read one character at a time. Had there been no difference in cognitive
load between groups, reason would direct inquiry to the process of doing mathematics in
braille. However, the cognitive-load comparison demonstrated a statistically significant
difference, with the tactile group showing greater cognitive effort than the print group. This
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difference raises the possibility that in addition to the challenges of braille, the algebraic task
involves a greater cognitive load without the aid of vision. The rating scale is useful in
identifying load with reliability but by itself falls short of the details necessary to optimize
instructional materials.
An increase in the cognitive load of a task based on media is only one of the potential
implications of this research. As a three-part construct, this increase should be evaluated in
terms of the components of intrinsic, germane, and extraneous load. Germane load contributes
to learning and new understanding. This part of cognitive load presents itself when the intrinsic
and extraneous loads leave extra resources or when an activity requires deeper understanding
and connection to prior knowledge. Extraneous load is characterized by the potential to
mitigate the increase in challenge through simplification or the exclusion of extra information.
In the algebraic-reasoning task each item, including the word problems, was carefully designed
with no extraneous information. The activities of this study sought to evaluate preexisting
knowledge and did not ask for assimilation in an attempted to mitigate the presence of germane
load. In this study the exclusion of germane and extraneous loads was an attempt to isolate task
load and leave only the varying intrinsic cognitive load of the two media. It cannot be assumed
that these attempts were successful, and future work should confirm the intrinsic load of these
tools in order to aid in identifying the differences caused by varied media.
Cognitive load and task time could both be impacted by the writing of mathematics in
braille. For individuals using braille the process of writing and reviewing braille, is more timeintensive (Radojichikj, 2015), although no specific studies have reviewed this impact as it
relates to mathematics. The writing down of select elements of the solution process would
potentially relieve cognitive load, but the process would increase task time compared to print.
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Conversely, for the individuals using print, writing can relieve the cognitive load of
remembering elements by recording them in an easy-to-recall location accessed by a quick
glance. In addition to this quick reference utility, mathematics solution algorithms frequently
have very specific spatial organization that contributes to the utility of the method. Many of
these methods include a vertical organization, such as algebraic addition, multidigit
multiplication, or long division. Braille is read left to right, including in cultures where print is
read from right to left, such as Arabic, or where it is read vertically, such as Japanese, and this
added vertical reading in mathematics has yet to be explored for recognition or training in
braille. As with the investigation into working memory, the cognitive-load results merely
scratch the surface of what we do not know about braille mathematical literacy.
This difference in use of written work should be explored in more detail in the future
because two clear potential sources for it exist, and more could be discovered with proper
qualitative methods. The first source would be the perception by an individual that the benefit
of written work is counterbalanced by the additional effort to write and track the work,
resulting in no net gain in efficiency. The second source would be a lack of experience or
exposure to methods through the active participation in classroom problem solving. Both
sources could lead to a passive avoidance of written work that only an individual could clarify
through metacognitive reflection on computational habits. Regardless of source, this study
found an increase in cognitive load of mathematical tasks and an increased task time for
participants who used braille. Both elements require future investigation to discover potential
sources so that appropriate training or technology can address the needs specific to the age and
academic level of students.
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5.3 Additional Measures
Investigations and findings until now have attempted to pair the historical work in
mathematics and VIs with the more-recent work in cognitive psychology about the resources
that may impact algebraic-reasoning. To further this pursuit, a regression model was explored,
and it predicted a fair amount of the variability in the task time was due to cognitive and
noncognitive measures. The components of the model were not instructionally useful because
they describe individual differences that are difficult to predict or are subjective. Additional
correlations were run to investigate relationships with demographic data that may contribute to
task time, as these elements can be intentionally screened in future investigations. Of the five
additional items, three (math rating, math interest, and more math) significantly correlated with
task time at the 95% confidence interval, and one (highest math) at the 90% confidence
interval. All five of the items correlated with cognitive load and interest engagement, but none
with grit. The absence of correlation with grit is not surprising because it is a global measure,
and the targeted interest and persistence are focused on mathematics (Vollmeyer & Rheinberg,
2000). “Since math” did not have any relationship with the other items besides cognitive load
and grit. These relationships describe individuals who are motivated during algebraic tasks as
investing less cognitive effort and having more grit. This relationship is purely descriptive of
this study’s sample, but the correlation does hint at individual differences and noncognitive
measures that could potentially impact findings. As was discussed in the theoretical foundation,
ignoring these factors while investigating specific content or interest areas is to willingly
overlook constructs that could have bearing on performance and cognitive load.
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5.4 Limitations and Future Research
This study sought to improve understanding of individuals who use tactile materials
compared to peers who use print when engaged in algebraic-reasoning tasks. Small samples are
common in studies investigating the population with VIs. The final group size of seven in this
study was smaller than hoped for but does represent 30-50% of the total population of
individuals who read braille at the primary university used for sampling. Making use of a larger
control group allowed more confidence in comparisons and a better understanding of how the
experimental group exists as a subgroup of the research population, which was itself a
convenience sample that comes with its own sampling issues. The small sample makes
generalization impossible, as is the case with the prior work. Additionally, the use with small
samples of a new assessment tool for working memory makes findings for the braille group
vulnerable to reliability issues. This study did not seek generalization, but sought a proof of
concept for combined investigation methods and small-scale replication of prior work. It is
understood that college students are a subgroup of the total population, which will always limit
the findings. In the adult population, finding and recruiting individuals with VIs is even more
challenging. This situation is why future work should include K-12 education in which
individual access and organizational screening don’t winnow the population. With this area,
there is the additional challenge of parental consent and negotiated access. National and state
achievement tests at the K-12 level would be a fertile source of data that would not limit the
sample to college-ready or college-seeking students. A model that replicates the work by
Klingenberg, Fosse, and Augestad (2012) on a larger scale starting in a single state and moving
to a national level would serve as a good model to begin this research. This call for work with
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younger populations by no way overshadows the need for further exploration of cognitive
constructs for which the college population has historically been a valuable resource.
The findings regarding task time and working memory in this study are a starting point
for describing a population. It is hoped that future work will replicate and build upon the body
of data so a better understanding of these measurements can be found. This study is perhaps the
third one comparing tactile and print working memory, and the current number of participants
using tactile media across all three studies is only 35 (Bliss et al., 2004; Cohen et al., 2010). It
should be apparent that there is more work to be done in this area, and we now have examples
of research auditory, mental arithmetic, mental displacement of blocks (Cohen et al., 2010) and
algebraic equation distractors on which to build future work.
The findings about cognitive load suggest more questions than answers. Given the
shortcomings of the predictive model, this study has served primarily to outline additional areas
for investigation. Notably, the relationship between working memory and cognitive load for
individuals with VIs should be explored.
The goal of this study was to better understand the variables impacting mathematical
learning for individuals using braille, and it endeavored to describe the underlying resources at
play. The results have suggested several lines of necessary future research and attempted to
demonstrate the power of integrating specific areas of research. These current areas, when tied
to historic and domain knowledge in the field of VI, may enable a better understanding of the
challenges and resources that impact algebraic problem solving in a tactile medium.
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Greetings,
My name is Sean Tikkun, and I am a doctoral candidate in the department of
Educational Psychology. I am seeking participants for my dissertation study “Study of the
factors influencing algebraic problem solving by individuals with visual impairments.” At this
time, I am seeking between 100-200 participants for my study. The candidates need to be
enrolled in or have completed College Algebra and be over the age of 18. The assessment
includes 3 tools; a survey (< 5min.), a working memory tool (~20 min.), and an algebraicreasoning tool (15-20 min.). The entire set of tasks is expected to take between 60-90 minutes.
Two of the tools can be completed remotely on-line, and the algebraic-reasoning tool requires
an in-person testing session. In-person testing at NIU will be conducted in Graham Hall 246,
and participants will have the option of completing all sections in the lab if desired. Testing
will take place in the Spring/Summer of 2016.
As an incentive for recruitment, participants may receive extra credit (depending on
instructor agreement). After completion of the tasks, participants will receive refreshments and
snacks.
If interested, please contact me at stikkun@niu.edu to set up an appointment and receive
a participation code.
Sincerely,
Sean Richards Tikkun
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I agree to participate in the dissertation study titled, “Study of the factors
influencing algebraic problem solving by individuals with visual impairments” being
conducted by Sean Richards Tikkun, a graduate student at Northern Illinois University.
I have been informed that the purpose of this study is investigating the difference in
mental effort when completing problems involving algebraic-reasoning for individuals
with sight and those with visual impairments.
The study will involve the completion of seven problems (math/algebra problems) with
accompanied ranking questions (15-20 min.), a working memory assessment (memory
exercises, ~20min.), and a demographic and attitude survey (~5 min). These tasks are
expected to take roughly 60 minutes and no more than 90 minutes in total. The
algebraic-reasoning is the only task that requires a face-to-face meeting, but all
sections may be done in the lab setting at the participant’s discretion. In-person tasks
at NIU will be conducted in Graham Hall 246. Testing not at NIU will be conducted in a
private quiet space with access to an accessible computer for online elements.
Materials will be provided in the preferred learning media: print, large print, or braille.
All participants will be given a unique identifier, and data will be anonymous. The
consent will be stored non-digitally and separately from the study data. This study has
no foreseeable risk or benefits to the participants. The findings of the study are
expected to inform future methods of educating individuals with visual impairments in
Science, Technology, Engineering, and Mathematics (STEM).
Participation in this study is voluntary, and participants may withdrawal at any
time. Refusal to participate or discontinue participation will involve no penalty or loss of
benefit. If you have any questions or concerns regarding this study, feel free to
contact:
Researcher: Sean Tikkun, 773-350-5369
Faculty advisors: Lindsey Harris 815-753-8750 or Stacy Kelly, 815-753-4103
Subject’s Rights: NIU Office of Research Compliance, 815-753-8588
Please click below your acknowledgement of consent.
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Demographic and Attitude Survey
1. Age
2. Years in post high school studies
a. less than 1
b. 1
c. 2
d. 3
e. 4
f. 5
g. 6 or more
3. Major _____________
4. Highest level mathematics course I have completed is
a. High school Geometry
b. High school Algebra 2
c. College Algebra
d. Pre-Calculus
e. Calculus
f. Statistics
g. Math ______ (3-digit course code)
5. Time since last mathematics course
a. less than 6 months
b. 6 - 12 months
c. 1 – 2 years
d. 2 – 3 years
e. 3 – 4 years
f. more than 4 years
6. How would you rate your ability in mathematics?
a. Scale 1-10
7. Do you have a disability? (selected response: yes or no)
8. Do you have a visual impairment (selected response: yes or no)
9. I find mathematics work…
a. Not at all interesting
b. Slightly interesting
c. Rather interesting
d. Interesting some of the time
e. Frequently interesting
f. Very interesting
g. Extremely interesting
10. Given a choice in coursework I would choose to take more math
a. Never
b. Seldom
c. Occasionally
d. Some of the time
e. Most of the time
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f. The majority of the time
g. All of the time
Please rank items 11-22.. Be honest – there are no right or wrong answers!
11. I have overcome setbacks to conquer an important challenge.
a. Very much like me
b. Mostly like me
c. Somewhat like me
d. Not much like me
e. Not like me at all
12. New ideas and projects sometimes distract me from previous ones.
a. Very much like me
b. Mostly like me
c. Somewhat like me
d. Not much like me
e. Not like me at all
13. My interests change from year to year.
a. Very much like me
b. Mostly like me
c. Somewhat like me
d. Not much like me
e. Not like me at all
14. Setbacks don’t discourage me.
a. Very much like me
b. Mostly like me
c. Somewhat like me
d. Not much like me
e. Not like me at all
15. I have been obsessed with a certain idea or project for a short time but later lost interest.
a. Very much like me
b. Mostly like me
c. Somewhat like me
d. Not much like me
e. Not like me at all
16. I am a hard worker.
a. Very much like me
b. Mostly like me
c. Somewhat like me
d. Not much like me
e. Not like me at all
17. I often set a goal but later choose to pursue a different one.
a. Very much like me
b. Mostly like me
c. Somewhat like me
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d. Not much like me
e. Not like me at all
18. I have difficulty maintaining my focus on projects that take more than a few months to
complete.
a. Very much like me
b. Mostly like me
c. Somewhat like me
d. Not much like me
e. Not like me at all
19. I finish whatever I begin.
a. Very much like me
b. Mostly like me
c. Somewhat like me
d. Not much like me
e. Not like me at all
20. I have achieved a goal that took years of work.
a. Very much like me
b. Mostly like me
c. Somewhat like me
d. Not much like me
e. Not like me at all
21. I become interested in new pursuits every few months.
a. Very much like me
b. Mostly like me
c. Somewhat like me
d. Not much like me
e. Not like me at all
22. I am diligent.
a. Very much like me
b. Mostly like me
c. Somewhat like me
d. Not much like me
e. Not like me at all
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Participant Number: ___________
Algebraic-reasoning Assessment
Solve the following equations for x or identify the value in question.
For each question complete the four ratings on the reverse of the page.
Start time: _______
1. 3𝑥 = 24

End Time: ________
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Relating to question 1
1. In solving the preceding problem, I invested …
a. Very low mental effort
b. Low mental effort
c. Rather low mental effort
d. Neither low nor high mental effort
e. Rather high mental effort
f. High mental effort
g. Very high mental effort
2. I would rate the preceding problem as
a. Very easy to complete
b. Easy to complete
c. Rather easy to complete
d. Neither easy or difficult to complete
e. Rather difficult to complete
f. Difficult to complete
g. Very difficult to complete
3. I find problem solving similar to this
a. Not at all interesting
b. Slightly interesting
c. Rather interesting
d. Interesting some of the time
e. Frequently interesting
f. Very interesting
g. Extremely interesting
4. Given a choice of academic activity I would choose to complete problems like this
a. Never
b. Seldom
c. Occasionally
d. Some of the time
e. Most of the time
f. The majority of the time
g. All of the time
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Start time: _______
2. You order 54 rolls of paper towels. Your order arrives in 9 packages. How many
rolls are in each package?

End Time: ________
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Relating to question 2
1. In solving the preceding problem, I invested …
a. Very low mental effort
b. Low mental effort
c. Rather low mental effort
d. Neither low nor high mental effort
e. Rather high mental effort
f. High mental effort
g. Very high mental effort
2. I would rate the preceding problem as
a. Very easy to complete
b. Easy to complete
c. Rather easy to complete
d. Neither easy or difficult to complete
e. Rather difficult to complete
f. Difficult to complete
g. Very difficult to complete
3. I find problem solving similar to this
a. Not at all interesting
b. Slightly interesting
c. Rather interesting
d. Interesting some of the time
e. Frequently interesting
f. Very interesting
g. Extremely interesting
4. Given a choice of academic activity I would choose to complete problems like this
a. Never
b. Seldom
c. Occasionally
d. Some of the time
e. Most of the time
f. The majority of the time
g. All of the time
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Start time: _______
3. 2x + 5 =13

End Time:________
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Relating to question 3
1. In solving the preceding problem, I invested …
a. Very low mental effort
b. Low mental effort
c. Rather low mental effort
d. Neither low nor high mental effort
e. Rather high mental effort
f. High mental effort
g. Very high mental effort
2. I would rate the preceding problem as
a. Very easy to complete
b. Easy to complete
c. Rather easy to complete
d. Neither easy or difficult to complete
e. Rather difficult to complete
f. Difficult to complete
g. Very difficult to complete
3. I find problem solving similar to this
a. Not at all interesting
b. Slightly interesting
c. Rather interesting
d. Interesting some of the time
e. Frequently interesting
f. Very interesting
g. Extremely interesting
4. Given a choice of academic activity I would choose to complete problems like this
a. Never
b. Seldom
c. Occasionally
d. Some of the time
e. Most of the time
f. The majority of the time
g. All of the time
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Start time:_______
4. Lee started the week with $23. She worked 5 days a week and earned the same
amount each day. At the end of the week she had $188. How much did Lee earn
each day?

End Time:________
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Relating to question 4
1. In solving the preceding problem, I invested …
a. Very low mental effort
b. Low mental effort
c. Rather low mental effort
d. Neither low nor high mental effort
e. Rather high mental effort
f. High mental effort
g. Very high mental effort
2. I would rate the preceding problem as
a. Very easy to complete
b. Easy to complete
c. Rather easy to complete
d. Neither easy or difficult to complete
e. Rather difficult to complete
f. Difficult to complete
g. Very difficult to complete
3. I find problem solving similar to this
a. Not at all interesting
b. Slightly interesting
c. Rather interesting
d. Interesting some of the time
e. Frequently interesting
f. Very interesting
g. Extremely interesting
4. Given a choice of academic activity I would choose to complete problems like this
a. Never
b. Seldom
c. Occasionally
d. Some of the time
e. Most of the time
f. The majority of the time
g. All of the time
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Start time:_______
5. 8x − 7+ x = 20

End Time:________
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Relating to question 5
1. In solving the preceding problem, I invested …
a. Very low mental effort
b. Low mental effort
c. Rather low mental effort
d. Neither low nor high mental effort
e. Rather high mental effort
f. High mental effort
g. Very high mental effort
2. I would rate the preceding problem as
a. Very easy to complete
b. Easy to complete
c. Rather easy to complete
d. Neither easy or difficult to complete
e. Rather difficult to complete
f. Difficult to complete
g. Very difficult to complete
3. I find problem solving similar to this
a. Not at all interesting
b. Slightly interesting
c. Rather interesting
d. Interesting some of the time
e. Frequently interesting
f. Very interesting
g. Extremely interesting
4. Given a choice of academic activity I would choose to complete problems like this
a. Never
b. Seldom
c. Occasionally
d. Some of the time
e. Most of the time
f. The majority of the time
g. All of the time
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Start time:_______
6. After an afternoon of apple picking Tom and Jerry had 47 apples. Tom picked twice as many
apples as Jerry. Thirteen of the apples were rotten and had to be thrown out. How many apples
did Jerry pick?

End Time:________
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Relating to question 6
1. In solving the preceding problem, I invested …
a. Very low mental effort
b. Low mental effort
c. Rather low mental effort
d. Neither low nor high mental effort
e. Rather high mental effort
f. High mental effort
g. Very high mental effort
2. I would rate the preceding problem as
a. Very easy to complete
b. Easy to complete
c. Rather easy to complete
d. Neither easy or difficult to complete
e. Rather difficult to complete
f. Difficult to complete
g. Very difficult to complete
3. I find problem solving similar to this
a. Not at all interesting
b. Slightly interesting
c. Rather interesting
d. Interesting some of the time
e. Frequently interesting
f. Very interesting
g. Extremely interesting
4. Given a choice of academic activity I would choose to complete problems like this
a. Never
b. Seldom
c. Occasionally
d. Some of the time
e. Most of the time
f. The majority of the time
g. All of the time
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Start time:_______
7. x2 + 5x −36 = 0

End Time:________
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Relating to question 7
1. In solving the preceding problem, I invested …
a. Very low mental effort
b. Low mental effort
c. Rather low mental effort
d. Neither low nor high mental effort
e. Rather high mental effort
f. High mental effort
g. Very high mental effort
2. I would rate the preceding problem as
a. Very easy to complete
b. Easy to complete
c. Rather easy to complete
d. Neither easy or difficult to complete
e. Rather difficult to complete
f. Difficult to complete
g. Very difficult to complete
3. I find problem solving similar to this
a. Not at all interesting
b. Slightly interesting
c. Rather interesting
d. Interesting some of the time
e. Frequently interesting
f. Very interesting
g. Extremely interesting
4. Given a choice of academic activity I would choose to complete problems like this
a. Never
b. Seldom
c. Occasionally
d. Some of the time
e. Most of the time
f. The majority of the time
g. All of the time
# Correct: ______________
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The Automated Operational SPAN (AOSPAN) assessment is a tool administered using Inquisit
by Millisecond Software. The protocol was developed to offer a more convenient and easier
self-scoring version of the popular working memory tool (Unsworth, Heitz, Schlock & Engle,
2005). The tool presents a series of letters individually, ranging from 3 to 7 characters in
length, with each presentation of letter separated by a two-step arithmetic math problem,
similar to (2*3)-5, and a potential answer followed by ‘true’ or ‘false’. The participant is
required to complete 3 trials of each length for a total of 15 trials. The letters chosen for
AOSPAN in the research are very specific, but the arithmetic distractors are chosen at random.
Each participant is scored by the program with an OSPAN according to the sum of the numbers
or characters in each accurately recalled series.
The AOSPAN task is not accessible to individuals who are blind, since it is dependent on
the visual presentation of characters on the screen. The software is incompatible with screen
readers and, as a result, refreshable braille displays. Communication with the company
confirmed this assessment and they are unaware of an accessible version or manner to make the
program accessible. In order to administer an OSPAN task with distractors in a braille format,
the protocols of the AOSPAN were used to create samples. The randomly generated letter
combinations and a smaller set of pre generated distractors, that matched form and presentation
were prepared and drawn randomly during assessment. These forms of presentation, were
piloted using print materials and compared with a pilot group using the AOSPAN task. All
braille materials were produced on small cards generated by replicating the AOSPAN protocol.
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Protocol process and materials

Materials:
•

Cards were produced in print as a sample of methods and administered during pilot for
proof of concept.

•

Set of 96, 2”x4” Math trial cards using adhesive braille stickers with an equation on one
side and answer on the reverse.

•

Set of 16, 2”x4” Math sample cards using adhesive braille stickers with an equation on
one side and answer on the reverse.

•

Set of 2”x2” letter cards in braille, one of each letter. The upper left corner was cut
diagonally to aid in orientation of a square card.

•

Set of 15, 2”x”2” recall length cards, with the numbers 3-7 each 3 times.

•

Set of 4, 2”x”2” recall length sample cards, with the numbers 2 and 3 each two times.

•

Stopwatch with lap timer or app allowing for multiple times in sequence (‘Timy’ app
was used on iOS device).

•

Two reference cards labeled ‘True” and “False” in print.
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Test space organization:
In order to efficiently manage cards, timing and data entry, the testing space should be carefully
prepared. The participant also needs access to a braillewriter or braille device to record letters.
Both the participant and tester devices should be off to the side within reach, but leaving the
area between the two across the table clear.

Intro Script: In this experiment you will try to memorize letters you are presented on
cards while you also solve simple math problems. In the next few minutes, you will have some
practice to get familiar with how the experiment works. We will begin by practicing the letter
part of the experiment.

Letter Practice Script: For this practice set, letters will be shown to you one at a time. Try to
remember each letter in the order presented. After 2-3 letters have been shown, you will be
asked to recall letters making use of a braillewriter. Your job is to braille each letter in the order
presented. You may verbally say each letter as you braille them. If you forget one of the letters,
use a ‘full cell’ (dots 1-2-3-4-5-6) or space to mark the spot of the missing letter. Remember, it
is very important to get the letters in the same order as you see them. If you forget one, use the
‘full cell’ or space to mark the position.

Tester Procedure:
1. Ensure letter and recall length sample decks are randomized.
2. Draw a recall length sample card.
3. Draw a number of letter cards corresponding to the recall length sample.
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4. Record the letters in the ‘letters’ column in order on the data sheet.
5. Orient the letter cards in your palm facing the participant for easy orientation.
6. Draw a letter card and place it on the table, braille up, between tester and participant
centered in front of and facing the participant.
7. Say the word ‘letter’ to alert the participant that the card is being placed in front of
them, and slide the card forward.
a. (Computer presentation is 20/100 sec. Human trial shows that 1 sec is possible
with the card presentation.)
8. Draw a letter card and place it on the table, braille up, between tester and participant
centered in front of and facing the participant.
9. Allow the participant to move the card aside, acknowledging that they have read it.
10. Say the word ‘letter’ to alert the participant that the card is being placed in front of
them, and slide the card forward.
11. Repeat steps #7-9, until you have presented all the letter cards drawn in step #3.
12. Say ‘Recall’, to cue the participant to braille the series
13. Type the recalled letter in the ‘recall’ column of the data sheet while the participant says
them out loud, or reads them back after brailling.
14. Repeat steps #2-13 until all recall lengths are presented.

Math Practice Script: Now you will practice doing the math part of the experiment. A card with
a math problem will be given to you, the reverse side will have a potential answer. The
problems will be similar to: (2 * 1) + 1 = blank. As soon as you see the math problem, you
should compute the correct answer. In the example of (2 * 1) + 1 = blank, the answer 3 is
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correct. When you know the correct answer, flip the card compare your answer to the one
printed on the reverse side and place the card in the true or false pile accordingly.
For example, if you see the problem (2 * 2) + 1 = blank and the number on the reverse side
is 5 place the card with equation side down in the TRUE pile, because the answer is correct. If
you see the problem (2 * 2) + 1 = blank and the number on the reverse side is 6 place the card
in the FALSE pile, because the correct answer is 5, not 6. Please pick which side, your left or
right will be the true pile and false pile.
It is VERY important that you get the math problems correct. It is also important that you
try and solve the problem as quickly as you can. Do you have any questions? When you're
ready, we will try some practice problems.

Tester Procedure:
1. Ensure the math sample cards are in numeric order.
2. Cut the deck to a random starting location, and record that number on the data sheet
3. Draw a math sample card and place it on the table, equation up, between tester and
participant centered in front of and facing the participant.
4. Say the word ‘equation’ to alert the participant that the card is being placed in front of
them, and slide the card forward.
5. Start the timer.
6. Draw another math sample card and place it on the table, equation up, between tester
and participant centered in front of and facing the participant.
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7. Once the participant has solved the expression, flipped the card and placed the card in
the ‘TRUE’ or ‘FALSE’ pile, slide the next math card forward and say the word
‘equation’.
a. Immediately use the lap function of the timer to start a new timer.
8. Repeat steps #6-7 until the participant has solved 15 cards.
9. Stop the stopwatch.
10. Record the times on the data sheet in the ‘time column in order.
11. Recover the ‘TRUE’ pile and record ‘T’ in the ‘Equation answer’ column for each
equation.
12. Recover the ‘FALSE’ pile and record ‘F’ in the ‘Equation answer’ column for each
equation.

Combined Practice Script: Now you will practice doing both parts of the experiment at the
same time. In the next practice set, you will be given one of the math problems. Once you make
your decision about the math problem, a letter will be shown to you. Try and remember the
letter.
In the previous section where you only solved math problems, your average time was
recorded. It is important for you to stay close to this value for your data to be valid. Therefore,
it is VERY important to solve the problems as quickly and as accurately as possible.
After the letter is presented, another math problem will be given to you followed by another
letter. At the end of each set of letters and math problems, you will be asked to recall the letters
in order. Select the letter on the sheet as you did in the practice.
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Try your best to get the letters in the correct order. It is important to work QUICKLY and
ACCURATELY on the math. Make sure you know the answer to the math problem before
flipping the card. You will not be told if your answer to the math problem is correct.
Your percent correct for the math problems for the entire experiment needs to be at least at
85%. For our purposes, we can only use data where the participant was at least 85% accurate
on the math. Therefore you must perform at least at 85% on the math problems WHILE doing
your best to recall as many letters as possible. Do you have any questions?

Tester Procedure:
1. Ensure the math trial cards are in numeric order.
2. Ensure letter and recall length sample decks are randomized.
3. Cut the math trial deck to a random starting location, and record that number on the data
sheet
4. Draw a recall length sample card and record the number in the ‘# of letters’ column.
5. Draw a number of letter cards corresponding to the recall length.
6. Record the letters in the ‘letters’ column in order on the data sheet.
7. Orient the letter cards in your palm facing the participant for easy orientation.
8. Draw a number of math trial cards corresponding to the recall length and orient them in
the same hand so that both equations and letters can be easily drawn in correct
orientation.
9. Place the first math trial card, equation up, between tester and participant centered in
front of and facing the participant.
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10. Say the word ‘equation’ to alert the participant that the card is being placed in front of
them, and slide the card forward.
11. Start the timer.
12. Draw the first letter card and place it on the table, braille up, between tester and
participant centered in front of and facing the participant.
13. Once the participant has solved the expression, flipped the card and placed the card in
the ‘TRUE’ or ‘FALSE’ pile, stop the timer, slide the letter card forward and say the
word ‘letter’ in one fluid action using both hands.
14. Place the next math trial card, equation up, between tester and participant centered in
front of and facing the participant.
15. Once the participant pushes aside the letter card, slide the math trial card forward and
say the word ‘equation’.
16. Start the next lap timer.
17. Draw the next letter card and place it on the table, braille up, between tester and
participant centered in front of and facing the participant.
18. Once the participant has solved the expression, flipped the card and placed the card in
the ‘TRUE’ or ‘FALSE’ pile, stop the timer, slide the letter card forward and say the
word ‘letter’ in one fluid action using both hands.
19. Repeat steps #14-18 until the last letter card is placed.
20. After the final letter card is pushed aside say ‘Recall’, to cue the participant to braille
the series
21. Type the recalled letter in the ‘recall’ column of the data sheet while the participant says
them out loud, or reads them back after brailling.
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22. Record the times on the data sheet in the ‘time column in order.
23. Recover the ‘TRUE’ pile and record ‘T’ in the ‘Equation answer’ column for each
equation.
24. Recover the ‘FALSE’ pile and record ‘F’ in the ‘Equation answer’ column for each
equation.
25. Repeat steps #4-25 until all recall lengths are presented.

Combined Experiment Script: That is the end of the practice. The real trials will look like the
practice trials you just completed.
First you will get a math problem to solve, then a letter to remember. When asked to
recall the letters, braille the letters in the order presented. If you forget a letter, use a blank or
‘full cell’ box to mark where it should go. Some of the sets will have more math problems and
letters than others. It is important that you do your best on both the math problems and the
letter recall parts of this experiment. Remember on the math you must work as QUICKLY and
ACCURATELY as possible. Also, remember to keep your math accuracy at 85% or above. Do
you have any questions?

Tester Procedure:
1. Ensure the math trial cards are in numeric order.
2. Ensure letter and recall length decks are randomized.
3. Cut the math trial deck to a random starting location, and record that number on the data
sheet
4. Draw a recall length card and record the number in the ‘# of letters’ column.
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5. Draw a number of letter cards corresponding to the recall length.
6. Record the letters in the ‘letters’ column in order on the data sheet.
7. Orient the letter cards in your palm facing the participant for easy orientation.
8. Draw a number of math trial cards corresponding to the recall length and orient them in
the same hand so that both equations and letters can be easily drawn in correct
orientation.
9. Place the first math trial card, equation up, between tester and participant centered in
front of and facing the participant.
10. Say the word ‘equation’ to alert the participant that the card is being placed in front of
them, and slide the card forward.
11. Start the timer.
12. Draw the first letter card and place it on the table, braille up, between tester and
participant centered in front of and facing the participant.
13. Once the participant has solved the expression, flipped the card and placed the card in
the ‘TRUE’ or ‘FALSE’ pile, stop the timer, slide the letter card forward and say the
word ‘letter’ in one fluid action using both hands.
14. Place the next math trial card, equation up, between tester and participant centered in
front of and facing the participant.
15. Once the participant pushes aside the letter card, slide the math trial card forward and
say the word ‘equation’.
16. Start the next lap timer.
17. Draw the next letter card and place it on the table, braille up, between tester and
participant centered in front of and facing the participant.
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18. Once the participant has solved the expression, flipped the card and placed the card in
the ‘TRUE’ or ‘FALSE’ pile, stop the timer, slide the letter card forward and say the
word ‘letter’ in one fluid action using both hands.
19. Repeat steps #14-18 until the last letter card is placed.
20. After the final letter card is pushed aside say ‘Recall’, to cue the participant to braille
the series
21. Type the recalled letter in the ‘recall’ column of the data sheet while the participant says
them out loud, or reads them back after brailling.
22. Record the times on the data sheet in the ‘time column in order.
23. Recover the ‘TRUE’ pile and record ‘T’ in the ‘Equation answer’ column for each
equation.
24. Recover the ‘FALSE’ pile and record ‘F’ in the ‘Equation answer’ column for each
equation.

APPENDIX F
TACTILE OSPAN DATA-COLLECTION SHEET
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# of Letters
ltr practice

Recall

Letters

Equation

Time

Equation
Answer

Correct
Answer

recalledletters

correctletters

ospan

math
practice

combined
practice

Full
Assessment
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0%

recalled letters
0

Totalcorrect
letters
0

ospan
0

APPENDIX G
BRAILLE MATERIALS FOR OSPAN ASSESSMENT
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Math sample cards
Equation
Potential Answer
(front)
(back)
(1*2) + 1 = ? 3
(1/1) - 1 = ? 2
(7*3) - 3 = ? 18
(4*3) + 4 = ? 16
(3/3) + 2 = ? 1
(2*6) - 4 = ? 6
(8*9) - 8 = ? 64
(4*5) - 5 = ? 11
(4*2) + 6 = ? 14
(4/4) + 7 = ? 12
(8*2) - 8 = ? 2
(2*9) - 9 = ? 9
(8/2) + 9 = ? 7
(3*8) - 1 = ? 23
(6/3) + 1 = ? 3
(9/3) - 2 = ? 7

True/False
T
F
T
T
F
F
T
F
T
F
F
T
F
T
T
F

Letter cards
F

H

J

K

L

N

P

Q

R

S

T

Y
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Math trial cards
Equation
(front)

Potential
Answer (back)

True/
False

(4/2) + 6 = ?
(9/9) + 7 = ?
(1*5) - 3 = ?
(2*5) - 2 = ?
(2*4) - 7 = ?
(7/1) + 9 = ?
(8/1) - 5 = ?
(2/1) - 1 = ?
(6/6) + 5 = ?
(3*4) + 1 = ?
(2*6) - 1 = ?
(3/3) - 0 = ?
(4/4) + 6 = ?
(5/1) - 4 = ?
(4/1) + 8 = ?
(1*6) + 3 = ?
(1*8) - 8 = ?
(2*7) + 8 = ?
(8/4) + 1 = ?
(2*3) - 4 = ?
(8*2) + 5 = ?
(1*4) - 4 = ?
(1*7) + 9 = ?
(4*3) - 2 = ?
(1*9) - 7 = ?
(5*3) - 6 = ?
(8/8) - 0 = ?
(3*2) - 6 = ?
(2/2) + 8 = ?
(6/2) + 2 = ?
(4*2) - 7 = ?
(8/2) + 1 = ?
(7*2) - 5 = ?
(1/1) + 3 = ?
(6/3) + 3 = ?
(5/5) + 1 = ?
(5*2) + 3 = ?
(9/3) - 2 = ?
(1*2) + 2 = ?
(1*3) + 9 = ?
(3*3) + 1 = ?
(7/7) + 1 = ?
(6*2) - 6 = ?
(3/1) + 6 = ?
(3*5) + 9 = ?
(6/1) - 1 = ?
(2*2) - 3 = ?
(3*2) - 4 = ?

?=7
? = 13
?=2
?=8
?=1
? = 16
?=0
? = 10
?=0
? = 13
? = 11
?=8
?=7
?=1
? = 16
?=4
?=1
? = 22
?=1
?=2
? = 21
?=8
? = 16
? = 10
?=3
?=1
?=3
?=6
?=9
?=0
?=4
?=5
? = 11
?=4
?=5
?=2
? = 15
?=0
?=4
? = 12
? = 10
?=2
?=3
?=7
? = 31
? = 13
?=1
?=2

F
F
T
T
T
T
F
F
F
T
T
F
T
T
F
F
F
T
F
T
T
F
T
T
F
F
F
F
T
F
F
T
T
T
T
T
F
F
T
T
T
T
F
F
F
F
T
T

Equation
(front)
(4/2) + 7 = ?
(9/3) - 2 = ?
(1*8) + 4 = ?
(2*6) + 7 = ?
(2*4) - 5 = ?
(4/4) + 6 = ?
(3*5) - 1 = ?
(8/4) + 3 = ?
(1*9) - 7 = ?
(2/2) + 1 = ?
(1*4) - 2 = ?
(8*2) - 4 = ?
(7/1) + 9 = ?
(4/1) + 9 = ?
(4*2) + 1 = ?
(3/3) + 6 = ?
(5/1) - 5 = ?
(9/9) + 1 = ?
(1*7) + 7 = ?
(1*3) - 1 = ?
(3/1) - 2 = ?
(2*2) + 2 = ?
(8/2) + 3 = ?
(5*2) - 8 = ?
(6*2) + 6 = ?
(6/3) - 0 = ?
(2/1) - 2 = ?
(9/1) - 9 = ?
(2*3) + 7 = ?
(5/5) + 3 = ?
(3*3) + 4 = ?
(6/6) + 1 = ?
(5*3) - 4 = ?
(9/3) - 3 = ?
(1*7) - 1 = ?
(6/2) + 2 = ?
(1*9) + 8 = ?
(8/2) + 1 = ?
(6/6) + 6 = ?
(1*5) - 5 = ?
(4/4) + 7 = ?
(8*2) + 7 = ?
(2*2) - 2 = ?
(5*2) + 3 = ?
(4*3) + 8 = ?
(3/3) - 0 = ?
(7/7) - 0 = ?
(1*2) + 2 = ?

Potential
Answer (back)

True/
False

?=1
?=1
?=5
? = 22
?=1
?=7
? = 14
?=5
?=6
?=2
?=7
? = 18
? = 11
? = 14
?=9
?=7
?=2
?=2
? = 13
?=2
?=1
?=6
? = 16
?=2
? = 21
?=2
?=1
?=2
? = 13
?=4
?=4
?=0
? = 11
?=0
? =6
? = 11
? = 25
?=6
?=7
?=0
? = 15
? = 19
?=2
?=6
? = 20
?=4
?=0
?=4

F
T
F
F
F
T
T
T
F
T
F
F
F
F
T
T
F
T
F
T
T
T
F
T
F
T
F
F
T
F
F
F
T
T
T
F
F
F
T
T
F
F
T
F
T
F
F
T

APPENDIX H
NEMETH CODE ASSESSMENT
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